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ABSTRACT
Body mass has been studied in multiple subfields within anthropology, including
paleoanthropology, bioarchaeology, biomechanics, and forensics. Most previous studies
that focused on predicting mass from the skeleton utilized population averages, living
subjects, and/or small sample sizes. This study sought to create an individualized
predictive model of body mass estimation from multiple skeletal elements. The new
multiple element model was then compared to three models currently used by
anthropologists.
Three hypotheses were tested: 1) the multiple element model has a lower
predictive error than the other models, 2) upper limb elements will predict mass more
accurately and 3) articular dimensions predict mass more accurately. All three hypotheses
were rejected in favor of mixed models. The multiple element model predicted mass (for
males and females) and the Grine and colleagues femoral head model (for females only)
had low predictive error. Both upper and lower limbs as well as diaphyseal and articular
dimensions were selected as significant predictors in the multiple element model.
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Improved estimation of body mass is used to address our understanding of the
behavioral and cultural changes that occurred with the transition to agriculture on the
Georgia coast. Social stratification within societies is of great importance in
anthropology, as it helps us to see how past peoples interacted, lived, and were organized.
In some instances, it becomes difficult to determine when social stratification developed
due to a lack of preservation of artifacts indicative of status. In such cases, it is necessary
to develop multiple avenues to determine the level of stratification within a society. Two
hypotheses were tested: 1) agricultural populations had significantly greater mean mass
relative to height (body mass index) than the earlier hunter-gatherers, and 2)
agriculturalists display a significantly greater variance, and/or distribution of body mass
indices than hunter gatherers. Both hypotheses were rejected as no significant difference
in the mean, variance or distribution in BMI values was found between hunter gatherers
and agriculturalists. Although a significant difference is not seen between pre-agricultural
and agricultural groups, further analyses are warranted before using the distribution of
body mass as a proxy for social status are abandoned.
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CHAPTER 1
INTRODUCTION

INTRODUCTION
Physical anthropologists, in part, are concerned with discerning lifestyle or
patterns of activity from skeletal remains. The skeleton is affected by lifestyle, or activity,
and genetic or epigenetic factors, including body mass (Ruff, 2000c). These factors place
stress upon the skeleton, which causes the bone to remodel in order to best avoid fracture
while maintaining a balance with agility (Skerry, 1999). In order to fully ascertain the
effects of lifestyle on the skeleton, the effect of body mass is crucial. Force placed upon
the skeleton is a product of body mass and acceleration, either from gravity or muscle
contractions during activity. Different activities and body masses can cause a multitude
of forces on the skeleton. Regardless of how body mass does in fact change the skeleton,
it is necessary to use the most predictive variables to calculate body mass and therefore
have a more complete full picture of an individual. Therefore, it is vital to have an
accurate method of predicting body mass before any studies of activity can be carried out
successfully.
Changes in culture can lead to different patterns of behavior, diet, and activity.
With these changes, morphological variations should be seen in the skeleton in response
to different mechanical loadings placed upon it (Ruff, 2000b). As both body mass and
activity affect the skeleton, information concerning body mass and its effect on the
skeleton or association with those changes is crucial for investigating lifeways and
activities of both ancient and modern peoples.
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Anthropological research has focused on body mass in order to create a more
complete picture of activity and other aspects of biology for Australopithecus and early
Homo, as well as for prehistoric peoples (McHenry, 1988; Jungers, 1988; Ruff et al.,
1997; Ruff, 1999; Ruff et al., 2005; Grine et al., 1995). Most studies have focused on
constructing regression equations to estimate body mass based on population or species
averages, thus creating a view of inter-specific or inter-population differences. Although
they are the most applicable to population or species means, many of these formulae have
been applied to predict individual values. By contrast, the aim of the present research was
to create a predictive model at the individual level. This study focused on the individual
variation present in body mass and utilized multiple skeletal elements to construct
predictions. Body mass is associated with skeletal changes in a complex manner;
therefore, a multidimensional approach could encapsulate more individual and population
variation than the current univariate or bivariate approaches.
By creating a multidimensional measure of body mass, one can address questions
of paleoanthropological, bioarchaeological, and forensic significance. Since geographic
variation in Homo appears to reflect modern morphological diversity with body
proportions and climatic adaptations (Ruff, 1994), body mass estimation techniques for
extant people should also be applicable to past people. Even though there has been a
secular increase in body mass through time in industrial countries, theoretically, if body
mass affects the skeleton by creating forces from one’s own mass, or is associated with
skeletal changes, then it should create no difference for estimating body mass today or in
the past. Therefore, the secular trend should not greatly influence estimates. Regardless,
estimates of body mass created from contemporary peoples have been utilized by many
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researchers to infer information regarding prehistoric and early Homo. For example, the
timing and rate of encephalization must be gauged relative to changes in body size (Ruff
et al., 1997); accurate assessments of intra-population body mass could clarify temporal
changes in the encephalization quotient within Homo (Kappelman, 1997). Similarly,
activity patterns among prehistoric, historic and modern individuals can only be
accurately assessed when mass, one of the most basic stressors affecting the skeleton, is
standardized (Ruff, 2000b). Once variation in estimating individual body mass is
accomplished, the knowledge can be applied to individuals within a population and
reveal alterations in lifeways, particularly subsistence (Ruff, 1999). Individual variation
must be taken into consideration because mean body mass estimates tend to mask the
changes that occur on an individual level and disguise any social stratification within the
population.
When utilizing only one or two measurements to predict mass, as seen in
currently utilized methods, a large error is attached to individual estimates of mass. This
error occurs because the current methods generally ignore the variation present in human
body proportions (e.g. due to climate) (Jungers, 1990; Ruff et al., 1997; Holliday, 1997;
Katzmarzyk and Leonard, 1998; Pearson, 2000; Ruff, 2000a) or due to variation in the
amount of adipose tissue. For example, bi-iliac breadth, one common skeletal
measurement utilized in body mass studies, does not change with the addition of adipose
tissue (Ruff, 1994). Therefore, it may not accurately reflect changes in body mass due to
increases in body size from adipose tissue (Ashley-Montagu, 1960). As body mass is the
most commonly utilized component of body size, current estimation techniques must be
thoroughly analyzed to ascertain the most reliable method (Ruff, 2000a). The areas in
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which body mass are most closely correlated with the size and morphology, and therefore
the most predictive, of the skeleton are still in question. As a result of this complexity, it
is unlikely that any single measurement could account for all of the intricacy of the
human skeleton or be sufficient as an accurate predictor of body mass (Hartwig-Scherer,
1993).
Improved estimation of body mass could help address many anthropological
questions. This research used improved individual estimation methods created here to
increase our understanding of the behavioral and cultural changes that occurred with the
transition to agriculture on the Georgia coast (Larsen, 1982; Larsen et al., 1991). Huntergatherers are considered by some to have lead more physically demanding lives than
agriculturalists (Larsen, 1982; Larson and Ruff, 1990; Lieberman 1993; Ruff et al.,
1993), although some current research suggests the opposite (Sackett, 1996). Within the
Georgia coast, research has focused on changes in robusticity, degenerative joint disease
and overall health during the transition to agriculture (Larsen, 1982; Ruff et al., 1984;
Larsen et al., 1991, Bridges, 1996). The present study investigated whether Georgia coast
populations demonstrated a change in the mean, variance, or distribution in body mass
relative to height with the transition to agriculture. These hitherto unexplored aspects of
prehistoric human variation may offer insights into the efficacy of agriculture and storage
as a risk-management strategy and the development of social complexity.
This dissertation addresses three questions. 1) Does a multidimensional approach
to the estimation of body mass offer a reliable, replicable and accurate prediction? If so,
how many measurements of the skeleton will contribute significantly to a better estimate
of body mass? 2) Which parts and dimensions of the skeleton (i.e. diaphyseal or articular
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dimensions; lower or upper limbs) best estimate body mass? 3) Was there a change in the
mean, variance or distribution of body mass, when calculated on an individual level, in
the Georgia coast skeletal remains from hunter-gatherers to agriculturalists?
In order to address the research questions, late 19th -early 21st century documented
skeletal remains served as the basis for predictive modeling. These collections are ideal
because weight-at-death, height, age, sex, biological affinity, and cause of death are
recorded. Consequently, it was possible to develop statistically appropriate regression
models for each sex, biological affinity (focusing only on American whites and blacks),
and time period (early versus late 20th century) to test if these variables were different
between groupings. An additional point of interest from these data came from an initial
analysis to determine if the different recent samples show secular trends in the variables
commonly used to predict mass or in the interrelationships between those variables. If a
temporal trend was present between the two samples (early 20th century and late 20th
century) then the data were subdivided by time period.
Since a sample of historic or contemporary Native Americans for which there is
documented information of body mass during life is not currently available, this study
used estimates based on American whites and blacks. If no significant difference was
found between biological affinities in the documented sample, then the combined
equation was utilized for the Georgia coast individuals. If a difference of time periods
was detected, then both estimates (from American blacks and American whites) would be
reported, and a range created. This range would be created from the predictive equations
of both the American white and black models if the biological affinities were
significantly different in their range of body mass for height. Convergent estimates would
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lead to greater confidence in the predictions; greatly divergent estimates would signal an
important role for differences in physique.

BACKGROUND – MASS AND FUNCTIONAL ADAPTATION
Wolff’s Law, which states that bones remodel during life in response to the forces
placed upon them, is the basis of a great amount of work in biomechanics and functional
morphology (Wolff, 1870; Pearson and Lieberman, 2004). Body mass, bone length,
acceleration due to gravity, and activity are all-important sources of stress affecting
skeletal dimensions (Damuth and MacFadden, 1990; Van Der Meulen et al., 1993;
Pearson, 2000). According to Wolff’s Law, a bone will model in order to reflect any
increase or decrease in stress in order to optimize its function (Bouvier and Hylander,
1981; Bagge, 2000); as a result, it has been assumed that the stress due to body mass will
impart a stamp on bone size and/or morphology that can be identified and interpreted by
researchers.
Previously used methods to predict body mass have focused on a number of
differing skeletal elements that are correlated with body mass in humans and other
primates. In paleoanthropological studies, dental dimensions have been widely utilized
due to their correlation with body mass in living primates (Fleagle, 1978; Gingerich et al.,
1982; reviewed in Payseur et al., 1999). Hylander (1985) points out that since primates
do not bear weight through their skulls or teeth there is no logical reason why dental
dimensions should be correlated to mass. However, researchers have shown that tooth
size can vary depending on diet and, as a consequence, may not accurately reflect body
size (Jungers, 1998). This may be of particular concern for the study of humans because
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of their increased reliance on tool use. The use of tools could have resulted in the
uncoupling of human odontological dimensions and body mass (Kappelman, 1996).
Other studies have focused on postcranial measurements and stature estimates to
extrapolate body mass from the skeleton (Wolpoff, 1973; McHenry, 1974; reviewed in
Payseur et al., 1999). Among these, the most widely utilized measurements are femoral
head diameter, subtrochanteric and midshaft femoral dimensions, and stature along with
bi-iliac breadth (McHenry, 1974, 1988; Jungers, 1988, 1990; Ruff et al., 1997, 2005;
Ruff, 2000a, b). However, there is a lack of consensus as to which elements are most
associated with the forces imposed by body mass. Debates concerning the estimation of
body mass from skeletal remains include the usefulness of upper versus lower limb in
predictive equations, as well as the choice of skeletal element(s) within these body
segments. Most research supports the argument that body mass is better reflected in the
lower skeleton, since it supports the entire weight of the individual (Aiello and Dean,
1994). However, a study by Ruff (2000b), suggests that the upper body long bones may
also scale with body mass, although to a lesser degree than lower limb bones. The debate
concerns the choice of skeletal elements and which skeletal elements will better estimate
body mass (McHenry, 1974, 1988; Jungers, 1988, 1990; Ruff et al., 1997; Ruff, 2000a,
2000b; Holliday and Ruff, 2001); in this study examination of the skeletal variables
chosen elucidated the predictive usefulness of the upper versus lower limbs and aided in
resolving this debate.
The degree of plasticity in articular surfaces and diaphyseal dimensions, and how
they relate to body mass, is also the basis of a major debate among many anthropologists.
Researchers question whether body mass changes are better reflected in and correlated
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with the shaft of the bone or the joints. It is assumed that the best variables will be
features with some direct relationship to body mass (Ruff et al., 1997). This supports the
use of articular dimensions, as they are less environmentally responsive and consequently
should reflect changes in body mass with fewer complications by additional factors, such
as activity (Ruff et al., 1991, 1997; Trinkaus et al., 1994). Research by Lieberman and
colleagues (2001) upholds the argument that articular surface area is ontogenetically
constrained and will reflect body mass accurately; diaphyseal dimensions reflect changes
in activity levels, and thus they argue these should not be applied in studies concerning
body mass (Trinkaus et al., 1994, 1999; Lieberman et al., 2001).
In contrast, other researchers work has shown that diaphyseal dimensions are
likely to respond to increased mechanical loading and consequently argue for the utility
of these dimensions in estimating body size (Ruff et al., 1991). A study by Ruff and
colleagues (1991) comparing weight at 18 years of age with current weight (ranging in
age from 24 to 81 years) finds that diaphyseal size significantly correlates with current
body mass. Although the study examined living individuals, it suggests that articular
surfaces reflect one’s weight at maturity (i.e. 18 years), while diaphyseal dimensions, due
to their plasticity, will reflect further changes in mass (i.e. weight-at-death). However, a
study by Hindelang and colleagues (2002) finds that bone dimensions change with
senescence in moose. The authors suggest this relationship is present in all bone, which
might account for the correlation between diaphyseal dimensions and body mass, as most
individuals gain weight as they age. In humans, Lazenby (1990, 1998) finds that bone
mass in the second metacarpal decreases with age in males while the sub-periosteal
diameters increase, implying that diaphyseal dimensions in humans are indeed age-
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related. One aim of this study was to discern which dimension, diaphyseal or articular,
created a more precise and complete estimation of body mass and if there were any
additional factors that affect this relationship. In other words, this study clarified how
closely mass correlates with articular and diaphyseal dimensions in adults.
Methods to predict body mass have previously been based on one or two skeletal
measurements. The studies were based on inter-specific and inter-population levels of
variation in body mass (McHenry, 1988; Ruff et al., 1997). The current research, in
contrast, focused on the individual level of variation present in body mass and its
correlation with skeletal dimensions.

CASE STUDY: TRANSITION TO AGRICULTURE ON THE GEORGIA COAST
The Georgia coast, on the southeastern border of the state of Georgia in the
southeastern portion of the United States, has a long history of archaeological and
biological anthropological studies. The biological consequences of the transition from
hunter-gatherers to agriculturalists in this region has been described in detail (Larsen,
1982). A culture’s subsistence economy consists of a set of activities, procedures, and
technologies used in order to extract energy from the environment. The subsistence
strategy is a link between the environment and the population and directly affects the
group’s ability to survive (Earle, 1980). The connection between survival and subsistence
strategy, the set of behaviors and technology, is of extreme importance to anthropologists
and understanding the complex and region specific effects that a change in food
preparation and storage has on both culture and skeletal remains.
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Previous research demonstrated a hunter-gatherer subsistence pattern on the
Georgia coast dating to 2200 BC – 1150 AD. The diet mainly consisted of gathered
plants, hunted animals, and shellfish. At 1150 AD agricultural remnants, particularly
those of maize, are evident in the archaeological record. From 1150 – 1550 AD the diet
broadened to include domesticated plants, with specific attention being given to maize.
At the time of historic contact maize is a substantial component of the diet for the
inhabitants of this area (Thomas and Larsen, 1979; Larsen, 1982; Hutchinson et al.,
1998). This change in diet is associated with a change in the population density and
inhabited area, with the density increasing as the space utilized decreases (Larsen, 1982).
Through the analysis of ceramic and other material culture, it has been determined that
the population remained in situ while the culture changed from 2200 BC to 1550 AD.
Therefore the two times periods appear to differ only in the mode of subsistence as there
are no changes in material culture suggesting migrations (Larsen, 1981, 1982). Though
the sites used in this study are dispersed along the Georgia coast, the populations were
grouped by subsistence pattern in order to increase the sample size. This grouping is
supported by the fact that there appears to be a uniform culture among these populations,
as determined by mortuary and ceramic practices (Larsen, 1982).
Hunter-gatherers are considered by some researchers to have led a more
physically taxing lifestyle than agriculturalists (Larsen, 1982; Lieberman, 1993; Ruff et
al., 1993; Larsen, 2002), although others disagree (Sackett, 1996). Although a great deal
of variation exists among hunter-gatherers (Kelly, 1995; Larsen, 1995), an increase in
sedentism, population density, and a higher disease load is believed to have caused a
decrease in health in North American populations with the switch to agriculture
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(Armelegos, 1967). This is supported in previous research through the study of dental
caries, stature and pathology frequency between the two subsistence patterns in Georgia
coast populations (Larsen, 1982). Additionally, studies have found distinguishing features
in the morphological appearance of long bones between these two subsistence groups.
Hunter-gatherers tend to have medio-laterally narrow lower limb bone shafts when
compared to the anterior-posterior dimension (Bridges, 1996; Ruff et al., 1984; Ruff,
1987). Furthermore, due to the sexual division of labor in hunter-gatherer societies, there
is a more pronounced sexual dimorphism in the robusticity of the femur (Wescott, 2006).
Previous studies in the Georgia coast region suggests that there is a major decrease in the
activities of males, with little seen in females, which is in contrast to results from other
regions, such as Alabama (Ruff et al., 1984; Larsen et al., 1991). Hunter-gatherers tend to
be taller than agriculturalists; this has been attributed to the lower disease load and better
nutrition of the group (Cook, 1972, 1984; Larsen, 1981, 1982, 1995; Cohen and
Armelagos, 1984). Questions have been raised in other regions, however, as to the
usefulness of assuming that all individuals underwent the same stressors, as culturally
based roles may have buffered some individuals from a portion of the physiological and
environmental stressors (Danforth, 1994, 1999), which would be expected in a stratified
society.
With the transition to agriculture there was the possibility of accumulation and
storage of food. With storage comes the benefit of the potential to even out seasonal
shortages of food that many hunter-gatherers experience. Individuals participating in an
agricultural lifestyle may be able to maintain a better level of overall, year-round health.
A correlate of more constant nourishment could be seen in an increased body mass for
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height (or Body Mass Index, BMI) relative to foragers. Food storage is also important in
the development of a more complex and stratified society. Without a surplus of food, no
complex, stratified state-level society is known to have existed. The access to food
resources can be affected by age, sex, and social status. Within some traditional societies
the additional access to food and better quality of food (Danforth, 1999) led to some
individuals having more mass than the other individuals within the group. As a result,
obesity has been viewed in traditional societies as a symbol of prosperity and social status
(Sobal, 1991). Therefore, the assessment of body mass within individuals has the
potential to illuminate the social complexity and asymmetry of the group (Danforth,
1999).
In egalitarian societies there is little difference in power and monetary status
between individuals, therefore, all individuals should experience similar levels of
stressors from nutritional strain and abundance (Danforth, 1999). Yesner (1994) has
argued that even in environments rich in food resources, individuals in a hunter-gatherer
society will still experience a periodicity of availability. Therefore, individuals within a
hunter-gatherer society should all experience times of plenty and need, with no one
individual having substantially more access to food resources and the ability to gain
excess weight. With the addition of certain individuals within a group enjoying greater
success, distinctions in health due to resource procurement may be evident. Since these
distinctions may not be become apparent until adulthood certain methods used to
distinguish social status, such as dental enamel hypoplasias (Larsen, 1995) may not be
useful (Danforth, 1999). Therefore, utilizing traits such as body mass to differentiate
between an individuals’ social status is exceedingly important. It is thought that there is a
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decrease in the overall health of individuals with the transition to agriculture in this
region (Larsen, 1981, 1982); however, it is not known if there is stratification of adequate
nutrition and body mass in agricultural populations when compared to hunter-gatherers.
As a result, the final aim of this study was to apply new and more accurate methods of
body mass to individuals within the Georgia coast region before and after the transition to
agriculture.
The Georgia coast populations are an excellent example of how a more
individualized and accurate estimate of body mass can influence the ideas of activity and
lifestyle within a region. Improved accuracy for estimates of body mass may make it
possible to see social stratification within agricultural populations that indicate a change
in food consumption and serve as an additional proxy for the development of social
complexity and the emergence of elites.

MODELS/HYPOTHESES
An expansion of previous work is necessary to achieve intra-population resolution
in body mass estimation and to fully comprehend the complicated changes that body
mass is correlated with in the skeleton. This research investigated whether there were
reliable and accurate ways to estimate body mass with considerably higher predictability
than current methods, which utilize one or two elements (McHenry, 1974, 1988; Jungers,
1988, 1990; Ruff et al, 1997; Ruff, 2000a, 2000b). Further, which aspects of the skeleton
were most associated with mass (e.g. upper versus lower limb, diaphyseal versus articular
dimensions) were investigated. Due to the inherently complex nature of body mass and
the confounding effects of activity on the skeleton, multiple elements may be appropriate
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(Ruff, 2000a, 2000b; Auerbach and Ruff, 2004). It was thus proposed that a multiple
element analysis would provide a significantly better estimator (Hartwig-Scherer, 1993)
than current methods that use fewer variables.
A pilot study conducted at the Maxwell Museum of Anthropology at the
University of New Mexico and the Hamann-Todd Osteological Collection at the
Cleveland Natural History Museum in Ohio compared the currently utilized methods to a
multiple element model. The results suggest that each individual skeletal element
currently used to estimate body mass were insufficient to accurately predict this complex
anthropomorphic parameter; in contrast, a combination of the measurements taken were
more effective in predicting body mass on an individual basis. The measurement that had
the highest correlation with mass differed depending on the sex and biological affinity of
the relatively small skeletal sample.
The hypotheses described below were evaluated for each sex, biological affinity,
and time period. As a whole, this study sought to discover which combination of skeletal
dimensions yield the most comprehensive and accurate method of body mass estimation
possible and then applied that method to the change in subsistence in the Georgia coast
region.
HYPOTHESIS 1: The multiple element model predicted mass more accurately
and therefore had lower predictive errors.
Porter (1999), Ruff (2000a), and Auerbach and Ruff (2004) acknowledge that one
problem associated with contemporary models is their reliance on only one measurement
to extrapolate an individual’s mass. These models do not take into consideration
individual variation in body proportions, which may affect the estimation of mass. The
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first hypothesis of this research was that multiple elements create significantly more
accurate and reliable estimates of body mass than currently utilized formulae. The null
hypothesis is that no improvement in accuracy will be attained when multiple skeletal
elements are taken into consideration. Rejection of the null occurs with two possible
outcomes. First, if the multiple element model significantly improves upon previous
methods of body mass estimation, as indicated by predictive errors. Second, if both the
multiple element model and one or more of the currently utilized methods reflect body
mass more accurately.
HYPOTHESIS 2: The lower limb predicted mass more accurately and therefore
was chosen in the multiple element model.
It has been assumed that since the lower body supports one’s weight, body mass
is more accurately reflected in the lower limbs (Aiello and Dean, 1994). However, it is
unknown whether body mass is accurately predicted by the upper limb, although it has
been suggested that these elements do scale with body mass (Ruff, 2000b). The second
hypothesis tested here considers upper versus lower limb utility in the estimation of body
mass. The null hypothesis states that there is no difference between the upper and lower
limbs. The three alternative hypotheses are: 1) only the upper limbs accurately reflect
body mass, 2) only the lower limb is useful for estimating body mass, and 3) a
combination of upper and lower limbs are useful in predicting mass.
HYPOTHESIS 3: The articular dimensions predicted mass more accurately and
therefore were chosen in the multiple element model.
Trinkaus and colleagues (1994) and Lieberman and colleagues (2001) have shown
that diaphyseal dimensions are correlated with activity patterns, while articular surfaces
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are more tightly constrained during development. Articular surfaces, therefore, should
better reflect body mass. However, Ruff and colleagues (1991) found that articular
dimensions are significantly correlated with weight at maturity, while diaphyseal
dimensions are associated with current weight (which was recorded at ages ranging from
24-81 years). It was assumed that both articular and diaphyseal dimensions will be
correlated to some degree with mass during an individual’s lifespan. The precision of the
diaphyseal and/or articular variable in estimating body mass was studied here. To this
end, the null hypothesis of the third hypothesis was that neither diaphyseal nor articular
dimensions are better for creating accurate estimators of body mass. Rejection of the null
would suggest one of three alternative hypotheses. First, that articular surfaces would
accurately correlate with body mass, second, that diaphyseal dimensions are better
predictors of mass, or third, that a combination of these measures are important in
estimating mass.
The above hypotheses were tested by gathering measurements from multiple
skeletal elements of individuals in documented collections. The resulting data was then
be subjected to intensive analysis.
HYPOTHESIS 4: A change in social stratification was evident through a
difference in mean, variance and/or distributions of body mass for height in the Georgia
coast populations.
After the appropriate predictive model of body mass has been determined by the
previous three hypotheses, it will be applied to Georgia coast populations that engaged in
hunter-gatherer and agricultural subsistence strategies. Since the model is for individual
body mass estimates it may be possible to tease out any cultural or socio-economic
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differences between individuals within the group with the switch to agriculture. Two
hypotheses were tested with the Georgia coast samples:
Hypothesis 4A: Agricultural populations had significantly greater mean mass
relative to height (or body mass index) than the earlier hunter-gatherers. This would
comply with agricultural populations having greater access to foods than huntergatherers.
Hypothesis 4B: Agriculturalists display a significantly greater variance, and/or
distribution of body mass indices than hunter gatherers. Greater variance, or a different
distribution of values, may stem from differential access to foods suggesting social
stratification within the society. Hunter-gatherer societies are rarely stratified.

ASSUMPTIONS
Four assumptions are critical in this research. The first is that Wolff’s law is
correct and bone indeed remodels itself depending on the stressors placed upon it.
Experimental studies agree that bone remodels in response to forces (Rafferty and Ruff,
1994; Lieberman et al., 2001), and therefore, this assumption is reasonable. The second
assumption is that activity levels will not interfere significantly with the estimation of
body mass. Activity creates forces upon the skeleton that are a function of body mass,
skeletal geometry, and the acceleration of the limb and body overall created by the
activities. In the case of body mass, the forces exerted upon the skeleton are a function of
body mass itself, skeletal geometry and the acceleration imposed by gravity (Martin et
al., 1998; Pearson, 2000; Ruff, 2000b). The effects of body mass and activity on the
skeleton only differ with respect to the additional acceleration created by the activities;
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therefore it is assumed that the effects of activity should be minimal. In addition,
Lieberman and colleagues’ (2001) research suggests that articular dimensions are
ontogenetically limited, causing them to reflect body mass accurately regardless of
activity. If this is indeed true, the body mass estimators generated by the proposed
research will more likely contain articular dimensions.
Next, the assumption must be made that individuals were at their recorded
weights for long enough for the bones to reflect the correlation with mass accurately. It is
unknown how long it takes the body to respond to these changes. Studies in biological
literature (e.g. Patel et al., 1997; Blake et al., 2000; Warren et al., 2008; Rajamanohara et
al., 2011) have focused on bone mineral density or bone mineral content rather than
external dimensions. Some studies have reported on bone dimensions, however, not
necessarily on the bone dimensions utilized in this study.
An additional assumption must be made in reference to the variable: biological
affinity. The concepts associated with race or biological affinity have changed through
time, including between the reference and contemporary skeletal samples. Race is a
complex topic in which other variables such as nutrition, education, and socioeconomic
status are related (Williams, 1996; Cooper et al., 2001). However, the concept of race is
also always changing (Herman, 1996), and as such an individual considered as ―white‖ in
the late 1800s is not necessarily considered ―white‖ today. In reference collections,
biological affinity is collected from death certificates that are usually based off of a
morgue physician’s observations of morphological features. In the modern collections
race is usually self-ascribed or reported by the decedent’s family. The difference in how
race is reported also affects the groupings between the reference and contemporary
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samples. Some previous studies have suggested that race should be accounted for when
estimating mass (Daneshvari and Pearson, 2004; Daneshvari et al., 2007). However, the
studies were based on small samples and may not have captured the complete amount of
variation within each population. For the current study, therefore, it must be assumed that
the idea of race, ascribed by self or others, has not changed too dramatically from the late
1800s to the present. This of course is probably not completely the case but is an inherent
problem associated with using collections that cover multiple time periods.

MATERIALS/METHODS
Documented collections are the ideal arena for recording measurements for a
predictive model as they have records regarding the individual’s sex, age, biological
affinity, cause of death, height, weight and, in some cases, disorders affecting his or her
skeleton. Four documented collections were chosen for inclusion in this study due to the
large number of individuals they house: the Hamann-Todd Collection at the Cleveland
Museum of Natural History, Robert J. Terry Collection at the National Museum of
Natural History in Washington D.C., Maxwell Museum Documented Collection at the
University of New Mexico, and William M. Bass Donated Skeletal Collection at the
University of Tennessee, Knoxville.
Once the documented remains with known age, height, sex, ancestry, cause of
death, height and weight at death were identified, three restrictions were imposed to
further minimize error. First, those having died of a wasting disease, such as cancer and
tuberculosis, or those outside the normal Body Mass Index (BMI) range (BMI between
18 and 24.9) were not included in order to control for abnormally low weight for height
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at death. Second, in order to control for age, sex and biological affinity, equations were
generated for each sex, biological affinity as well as age to test for their usefulness as
predictors. Lastly, a select number of skeletons were reanalyzed in order to quantify
intraobserver error.
In order to account for any secular or time effects on the determination of body
mass predictions, the collections were grouped into two categories: early 20th century (or
―reference‖) (Hamann-Todd, Terry) and late 20th century (or ―contemporary‖) (William
Bass, Maxwell Museum). Since the activities and lifestyles of the individuals within each
of these time periods (early versus late 20th century) are assumed to be different, a
comparison of BMI values would illuminate whether the collections have means and
variances that are not significantly different from each other, and therefore can be
grouped together. If a difference is found, predictive equations were created for
contemporary and reference samples thereby eliminating secular effects that would create
additional error when estimates were applied back through time.
A total of 37 measurements described in Standards for Data Collection from
Human Skeletal Remains (Buikstra and Ubelaker, 1994) and Lehrbuch der Anthropologie
(Martin, 1957) were recorded for the study sample assembled from the aforementioned
collections. As described in more detail in Chapter 3, the measurements included, but
were not limited to, long bone lengths, bi-iliac breadth, and articular and diaphyseal
dimensions. All measurements were taken from the right side of the skeleton, with the
left side used in the case of missing or damaged elements. Mitutoyo digital sliding
calipers, with direct output to a computer, were used for most measurements, with the

20

exception of long bone lengths, bi-iliac breadth, and scapula and clavicle dimensions,
which were taken using a Paleotech osteometric board.
Statistical procedures used to test the hypotheses were performed using SAS
statistical package (SAS Institute Inc, 1989). Given that body mass may not act in a linear
fashion (McHenry, 1988), non-linear regression formulae may be considered if the data
are found to be non-linear. Specifically, a log transformation of the independent variables
and the dependent variable which was used in previous methods. Therefore, the nonlinear models employed for this study involved transformations of both the independent
and dependent variables. For both linear and non-linear data, regression analysis was
valuable in the fact that it was easy to quantify the result, in this case body mass, and the
independent predictors, skeletal dimensions. Least squares regression, however, is most
applicable when the reference population is known.
Hypothesis 1 tests whether multiple skeletal element estimation could
significantly improve body mass techniques currently being used. Linear regression
equations were developed using stepwise selection (SAS Institute Inc, 1989), as this
method takes into consideration the informative value of each variable in relation to the
others contained in the model. The resulting predictive equations were subjected to
statistical diagnostic tests to ascertain which model best fits the data (Neter et al., 1996).
The new multiple element predictive model was then compared to models
utilizing variables previously shown to predict body mass, such as those concerning
subtrochanteric dimensions of the femur (McHenry, 1988), femur head diameter (Grine
et al., 1995), and bi-iliac breadth along with estimated stature (Ruff et al., 1997). A t-test
was applied to measure which method of mass prediction were not significantly different
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than the actual values (SAS Institute Inc, 1989). Furthermore, the standard error estimate,
and percent prediction error and absolute prediction error were calculated. The percent
prediction error [(true-estimated)/estimated * 100] was a measure of directional bias of
the estimate, where positive values indicate an over estimate and negative values an
underestimation. The absolute value of the predicted error was a measure of the random
error in the model (Smith, 1984). The null hypothesis for Hypothesis 1 was evaluated
based upon the result.
Hypothesis 2 tested the relative utility of the upper versus lower limbs, and
Hypothesis 3 investigated the usefulness of articular and diaphyseal dimensions for
predicting body mass. These two hypotheses were evaluated based on the measurements
found to be included in the multiple element model when predicting body mass. If all of
the limb segment variables retained in the model were from the lower limb, then the null
hypothesis for Hypothesis 2 was rejected. Similarly, if only articular dimensions were
utilized within the predictive model, then the null hypothesis for Hypothesis 3 was
rejected. If a combination of upper and lower limb variables, or articular and diaphyseal
dimension variables, are found in the chosen predictive model it could be that both upper
and lower or articular and diaphyseal dimensions add non-redundant information and are
both needed for optimal prediction of body mass.
The chosen models for estimating body mass in Americans, either separated by
biological affinity (creating a range of body mass estimates), or not (creating a point
estimate with associated error), were applied to the Georgia coast populations. The
hunter-gatherer (2200 BC-1150 AD) and agricultural (1150-1550 AD) skeletons from the
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Georgia coast, which are housed at the National Museum of Natural History in
Washington D.C.
The two hypotheses for the Georgia coast populations were tested using the
methods outlined below. Hypothesis 4A (greater mass for height in agriculturalists) were
tested by testing for differences in the means of Body Mass Index. Hypothesis 4B
(greater variance, or a differing distribution, in mass among agriculturalists) were tested
by comparing the variances for predicted BMI values for the hunter-gatherers and
agriculturalists. Additionally, the Kolmogorov-Smirnov test was conducted to test
differences in the distributions of the populations.

SIGNIFICANCE
An accurate and reliable understanding of how body mass affects the skeleton is
important for anthropological and medical contexts because mechanical stress from body
mass is one of the most basic influences on the human skeleton. Many unanswered
questions can be resolved once we gain an understanding of the traces mass leaves on the
skeleton. However, the data collected in this, and previous studies, have focused on
predicting mass from the skeleton and not what changes mass is actually causing to the
skeleton. In such, these methods only give a suggestion as to the bones that may be
affected by mass. Therefore, this study follows previous ones in attempting to determine
a correlation between the best predictive variables and body mass. Previous methods also
examined population means of body mass or multiple primate species in order to create
estimation methods that were useful in research concerning inter-specific questions
(McHenry, 1988; Ruff et al., 1997). By creating a method that was applicable to
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individuals within a species (and with respect to sex, age and/or biological affinity) an
understanding of the complex nature of the correlations between body mass and skeletal
dimensions can be attained. This study tested whether multivariate methods produce
better estimates of mass than the methods currently being utilized. The most predictive
formulae were then applied to skeletal sample from the Georgia coast to examine if the
adoption of agriculture resulted in an increase in mass, body mass index, or variance in
mass associated with the development of social complexity.
This study was unique in its attempt to estimate body mass and understand its
association with the skeleton on an individual basis. Many previous studies have been
concerned with characterizing body mass in terms of averages for populations or species,
and as a result, they have not been as applicable to the individual. By creating an
estimator that is both accurate and reflective of the individual variation present, refined
conclusions can be drawn regarding changes within the Homo and Australopithecus
lineage, activity patterns, and forensic profiles. From a bioarchaeological perspective,
body mass illuminates the lifeways and activities of past peoples (Ruff, 1999); activity
studies will fail to fully address the issue of which, and to what degree, activity leaves
markers on the skeleton until one of the basic stressors affecting it can be factored out of
the equation (Ruff, 2000b).
Previous work has found that there was a decrease in health among
agriculturalists on the Georgia coast, when compared to hunter-gatherers of the same
region (Cook, 1972, 1984; Larsen, 1981, 1982, 1995; Cohen and Armelagos, 1984).
However, this was based on averages of stature, carious lesions and pathological
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conditions. The distribution of mass before and after this change in subsistence was the
primary goal for the application of the body mass prediction study.
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CHAPTER 2
BACKGROUND

INTRODUCTION
Body mass estimates, as a proxy for body size, regardless of the approach and
assumptions, can be useful for a multitude of applications, including paleoanthropology,
forensics, and biomechanics. There is hardly any application within these fields in which
the body mass of an individual is not estimated in order to understand an important
human attribute. For example, geographic variation in early Homo appears to reflect
modern morphological diversity (Ruff, 1994) and body mass estimation techniques for
present peoples should be germane. Body mass estimates, therefore, are extremely
important in understanding past people’s lifestyle and diet associated with social status.
Furthermore, individual variation must be taken into consideration because the mean
outcome tends to mask the changes that occur on an individual level. This chapter will
review all of the historic and pertinent information regarding the history of estimating
mass from the skeleton.
Body size is the combination of height and weight and may well be the most
valuable predictor of a species’ adaptation to its environment (Damuth and MacFadden,
1990). Body size is related to how a species, or individuals within that species, interact
with the environment and as a result, provides at least some indication of what their
environment was like. For anthropologists, body size is a vital component in studies of
early and contemporary hominins. It not only is a basic human identifier but also an
indicator of the environment, social stratification, and resource availability.
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BODY SIZE AND TOOTH DIMENSIONS
STUDIES FOCUSING ON TEETH AND HEIGHT
Mammalian studies have historically focused on the relationship between body
size and tooth dimensions. Most studies have concentrated on one aspect of body size in
order to create an uncomplicated correlation between it and tooth size. A large number of
these studies have focused on body height and its correlation with tooth dimensions,
whereas body weight has been used with post-cranial predictors (Ruff, 2000a) and tooth
dimensions. Variation in height within modern humans is about 10%, while mean weight
varies by at least 50% worldwide (Ruff, 2002). Hence, by focusing on the height aspect
of body size, less individual variation is captured than if mass is the primary variable.
Furthermore, there are issues associated with focusing on tooth dimensions in modern
humans. Humans are quite unique in their ability to utilize complex toolkits. As a result,
human tooth dimensions may have become more independent from body size than it is
for other primates and mammals (Kappelman, 1997; Bailit and Friedlaender, 1966).
However, a large amount of research on human body size began by studying tooth
dimensions and the relationship to both height and weight, as they were correlated with
body size in other mammals and primates (Gingerich, 1974).
There have been numerous studies focusing on the relationship between body
height and tooth dimensions in modern humans (e.g. Filipson and Goldson, 1963; Garn et
al., 1968; Henderson and Corruccini, 1976; Anderson, Thompson and Popovich, 1977;
Lavelle, 1977). Garn and Lewis (1958) were, however, the only inter-population
(between human populations) study comparing the relationship between mean stature and
tooth size. Studies have either focused on inter-specific (between species) or intra-
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specific (within species) correlations (Gingerich, 1977; Wolpoff, 1985), with a larger
focus on intra-specific questions (Wolpoff, 1985). Garn and Lewis (1958) found no
statistically significant results.
Filipson and Goldson (1963) studied a group of 110 Swedish males in the army.
They concentrated on the correlations between body height and incisor and canine widths
(mesio-distal dimensions). The results reveal no significant correlations between the
variables measured.
Garn and colleagues (1968) researched a group of male and female Ohioans of
northwest European descent. The 109 individuals were aged 17 years and were
participating in the Fels Longitudinal study. They measured the width (mesio-distal) and
breadth (buccal/labial-lingual) of all teeth and ran correlations with standing height. Low
mean correlations are found between the length and breadth measurements and stature,
with an average of r=0.12 in females and r=0.20 for males. The correlation between tooth
dimensions and stature differ by tooth and are low enough for the authors to conclude
that they are of no predictive value.
Henderson and Corruccini (1976) studied the relationship between mesio-distal
and buccal/labial-lingual dimensions of teeth and stature in American blacks from the
Terry collection. Right teeth in both the maxillary and mandibular arcade were measured
and then correlations were calculated for men and women separately. The correlations
were based on samples of 48 to 104 males and 29 to 67 females, depending on the tooth
under consideration. The correlations are often low, but some are significant. All of the
correlations for males are positive, while 41 of the correlations for females are negative.
The reason for this is unknown, but the authors hypothesize a difference in genetic
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linkage between men and women. The authors conclude that tooth dimension to body
size inferences are suspect.
Anderson, Thompson and Popovich (1977) studied a group of males and females
that were included in the Burlington Growth Centre. The heights were recorded at the age
of 16 for a group of 118 males and 102 females. Mesio-distal measurements were taken
for the mandibular lateral incisors and canines. The right and left sides were then
averaged and correlations determined. The results indicate that height and tooth
dimensions are not related, as no significant correlations are found within females or
males.
Lavelle (1977) studied two human populations, nineteenth century Londoners and
Anglo-Saxons from Bidford-on-Avon, as well as three other primate species (Gorilla
gorilla, Pan troglodytes, and Pongo pygmaeus). The mesio-distal and bucco-lingual
crown diameters for the molars were measured, and the area calculated. Four dimensions
were used to estimate body height: maximum femur length, midshaft diameter of the
femur, maximum length of the humerus, and diameter of the humerus at the deltoid
tuberosity. Significant correlations are found between certain dental dimensions and the
long bone measures. However, the tooth and long bone measurements are more highly
correlated in the apes and in the Anglo-Saxon population than in the Nineteenth century
Londoners. The author concludes that there is a reduced selective pressure in modern
man to maintain tooth size. Yet Lavelle points out that different diets could affect the
results, and therefore should be read with caution. Lauer (1975) also supports the idea
that body size and tooth dimensions cannot be compared across diet types, as different
diets require different tooth shapes and sizes.
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Perzigian (1981) measured the mesio-distal and bucco-lingual aspects of 156
individuals from the Indian Knoll skeletal sample. Perzigan used femoral length as an
indicator of body size (height). Results indicate that the central incisor and molars are
related to the femoral length. Perizigan finds that most dimensions of a pooled sex
sample are positively correlated, albeit weakly. In conclusion, Perzigian states that very
little weight could be put into body size prediction from tooth dimensions. Studies,
however, continued comparing body height and tooth dimensions.
Wolpoff (1985) reported on the correlation between body height and tooth
dimensions in an Australian Aboriginal population, the Yuendumu. These people have
been participating in a longitudinal study involving many aspects of growth, morphology
and adaptation. Height and measurements from dental casts, on individuals with low
attrition, so that measurements would not be affected, were recorded. Height was
measured at the time when they reached their maximum stature. The study consisted of
62 females and 37 males. Length and breadth were measured for all teeth, and tooth area
was calculated for the canines and post-canine teeth. Males have higher correlations
between stature and dental dimensions (spanning r=0.277-0.399 for the maxilla and
r=0.184-0.364 for the mandible) than females (r=0.023-0.083 for the maxilla and
r=0.153-0.193 for the mandible) in the anterior portion of the tooth row. Females have
higher correlations in the posterior portion (r=0.173-0.340 for the maxilla and r=0.2720.351 for the mandible) than males (r=0.126-0.233 for the maxilla and r=0.141-0.196 for
the mandible). Wolpoff concludes that height is not significantly correlated with tooth
dimensions while weight is correlated significantly. It seems appropriate to conclude that
all studies comparing height, as a proxy for body size, to tooth dimensions, regardless of
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the tooth being studied, or population of focus, are of little predictive value to
anthropologists studying body size.
STUDIES FOCUSING ON TEETH AND WEIGHT
Studies dealing with body weight (as a proxy for body size) and tooth dimensions
are less frequent than studies of height; even though they display more encouraging
results. Significant correlations are found in most if not all studies.
One of the most cited and influential studies on inter-specific body mass
estimation in primates was by Gingerich (1977). He stated that previous studies
attempted to correlate body size and tooth dimensions were only intraspecific, and
therefore of a different nature than his own work (Gingerich, 1977). Using a group of 10
primates, Gingerich (1977) finds a high correlation (r=0.942) between the mesiodistal
dimension of the lower second molar and body mass. A large amount of error is reported
but it is deemed adequate when looking between species and the mean is only needed.
Gingerich (1977) also creates a log-log based equation in order to calculate inter-specific
body weight from tooth size.
Anderson, Thompson and Popovich (1977) studied a group of males and females
that were participating in the Burlington Growth Centre study. The weights of the
individuals were recorded at the age of 16 for 118 males and 102 females. Mesio-distal
dimensions of the mandibular lateral incisors and canines were measured and their
correlations with mass determined. Significant correlations (r=0.25 to 0.30) are only
found within males. There is a low correlation present in females (r=0.20) between mass
and lateral incisor width.
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Wolpoff (1985) also investigated correlations between weight and tooth
dimensions among 62 females and 37 males of the Yuendumu. Length and breadth was
measured for each tooth as well as the occlusal area for the canines and post-canine teeth.
Both height and weight were compared to the tooth dimensions (the results from height
were mentioned above). In males, the correlations with weight are higher than those for
height with r=0.394-0.538 for the maxilla and r=0.428-0.640 for the mandible. The same
is seen in females, but to a lesser degree, with r=0.131-0.269 for the maxilla and r=0.2430.314 for the mandible. The combined sex sample shows similar results as well, with
r=0.391-0.470 for the maxilla and r=0.443-0.542 for the mandible. Results for females
vary with some breadths and lengths being significantly related. The female pattern does
not significantly differ from random, and therefore, Wolpoff hypothesizes that perhaps
women have a different tooth dimension-body size relationship than males. Wolpoff
concludes that the causal relationship between body mass and tooth dimension variation
is ambiguous. His research suggests that the situation is more complex than a simple oneto-one relationship.
Lavelle (1974) reported on the relationship between tooth and skull size, as a
measure of body size. He measured the mesio-distal and bucco-lingual aspects of all
permanent teeth in 100 white, British males. Each individual was categorized as
dolichocephalic (cephalic index less than 75.9), mesocephalic (76 to 80.9), or
brachycephalic (81 to 85.4). There is a low degree of correlation present between tooth
dimensions and skull size in dolichocephalic and mesocephalic males, with correlations
varying between 0.02 and 0.31 for head length and between 0.01 and 0.25 for breadth.
However, brachycephalic men display significantly higher correlations (r=0.11-0.28 for
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head length and r=0.17-0.28 for head breadth), with a greater amount of relatedness
between head breadth than length as out of the 28 correlations 16 are significant with
head length and 19 are significant with head breadth. Skull size, however, is a poor
predictor of body size (Gould, 1975) therefore the slope coefficient is small.
Research on correlations between height and weight and tooth dimensions has had
limited success. Most studies report low to insignificant correlations, using a range of
teeth, different measurements, and most often only focus on correlation results as an
indicator of predictive ability. In paleoanthropological studies, teeth have been widely
utilized, due to their correlation with body mass in living primates (Fleagle, 1978;
reviewed in Payseur et al., 1999). However, some researchers demonstrate that tooth size
can vary depending on diet, and as a consequence may not accurately reflect body size
(Jungers, 1998). In addition, Hylander (1985) points out that since primates do not bear
weight through their skulls or teeth, there is no logical reason why the variables would be
correlated. All of the methods using tooth dimensions to estimate primate body mass
calculate a weight for the population average rather than the individual, as there is no
evidence that tooth size varies closely with weight within species. Furthermore, given
humans’ great reliance upon tools, the dimensions of teeth may have become more
independent from body size (Bailit and Friedlaender, 1966; Kappelman, 1997). Due to
the low correlation patterns seen within the data, this approach does not seem appropriate
for estimating height nor body mass in humans. This suggests that using tooth size to
predict height or weight of individual’s or populations is not effective or reliable as they
express extremely low correlations. Furthermore, this implies that humans are different
from other primates in expressing high correlations between tooth size and body size,
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which perhaps is due to our reliance on tools (Bailit and Friedlaender, 1966; Kappelman,
1997).

POST CRANIAL MEASUREMENTS TO ESTIMATE BODY MASS
Post-cranial measurements have also been utilized for human body mass
estimation with more success than teeth. Among those techniques that have been
developed, the most popular include both metric and morphological methods, with a
variety of approaches having been implemented (McHenry, 1974, 1988; Aiello, 1981;
Jungers, 1988, 1990; Ruff et al, 1997; Grine et al., 1995; Ruff, 2000a, 2000b). One
common thread among these studies has been the application to early Homo and
Australopithecus (Ruff and Walker, 1993; Grine et al., 1995; McHenry, 1988). Since
there is no need for individual specificity with these outcomes, the studies utilized
population and species averages in order to calculate the regression equations for body
mass estimation. This resulted in body mass estimations that apply more accurately to
population averages rather than the individuals.
ASSUMPTIONS
Postcranial estimations of body mass are based on one main theory, Wolff’s Law.
Wolff states that bone will remodel depending on the forces, or lack of forces, placed
upon it (Wolff, 1870). This became known as Wolff’s Law and is at the base of all work
in the field of biomechanical analysis. Body mass, in particular, is one of the most basic
stressor affecting human skeletons (Pearson, 2000); therefore, according to Wolff’s Law,
a bone should and will remodel and reflect an increase or decrease in this stress in order
to optimize its function (Bouvier and Hylander, 1981; Bagge, 2000).
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Methods to predict body mass have been based on one or two skeletal
measurements, and were based on inter-specific or inter-population levels of variation in
body mass (McHenry, 1988; Ruff et al., 1997). Current methods have focused on a
number of differing skeletal elements that are be correlated with body mass in humans
and other primates, primarily with postcranial measurements and stature, to extrapolate
body mass from the skeleton (Wolpoff, 1973; McHenry, 1974; reviewed in Payseur et al.,
1999). Among these, the most widely utilized measurements are femoral head diameter,
subtrochanteric and midshaft femoral dimensions, and stature along with bi-iliac breadth
(Aiello, 1981; Jungers, 1988, 1990; Grine et al., 1995; McHenry, 1974, 1988; Ruff et al.,
1997; Ruff, 2000a, b).
Some assumptions are critical for research in biomechanics. The first is that
Wolff’s Law (Wolff, 1870) is correct. Experimental studies agree that bone will remodel
in response to forces (Lieberman et al., 2001; Rafferty and Ruff, 1994), and therefore,
this assumption seems acceptable. The second assumption is that activity levels will not
interfere significantly on the elements used for the estimation of body mass. Activity
causes forces on the skeleton, which are a function of body mass, skeletal geometry, and
the acceleration of the limb and body overall created by the activities. In the case of body
mass, the forces exerted upon the skeleton were a function of body mass itself, skeletal
geometry and the acceleration imposed by gravity (Pearson, 2000; Ruff, 2000b). The
effects of body mass and activity on the skeleton only differ in their effects with the
acceleration of the limb due to the body as a whole and those created by the activities. In
addition, Lieberman and colleagues’ (2001) research suggests that articular dimensions
are ontogenetically limited, causing them to reflect body mass accurately. In this research
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differences between the effects of activity and body mass on the skeleton will be studied
by looking at the usefulness of articular versus diaphyseal dimensions as an estimator of
body mass. These debates are played out in the currently used methods for estimating
mass from the post-crania.
METRIC METHODS FOR ESTIMATION OF BODY MASS
McHENRY’S METHOD
McHenry’s formula is a popular method that measures the subtrochanteric area of
the femur to estimate mass (McHenry, 1988). McHenry attempted to create a method that
involved a part of the skeleton most commonly preserved. He used one measurement for
the model as he felt it would be more reliable for comparisons between studies. He
created two equations, an intra- and inter-species method of estimating body mass. The
first method used collections from the Peabody Museum and consisted of chimpanzees,
gorillas, orangutans and a sample of humans (20 male and 23 female Amerindians). The
second intra-species grouping consisted of 15 black males and 15 black females, aged 2250, from the Robert J. Terry collection, with emaciated and obese individuals eliminated
from the sample. In both methods the subtrochanteric dimensions of the femur were
measured, the anterio-posterior and the medio-lateral dimensions, this complies with
Martin’s (1957) definition of the measurements. The two measurements were then
multiplied together to calculate the area, which was then used in the equation to estimate
body mass with the product used as an estimate of cross-sectional area. He used least
squares analysis on logarithmically transformed data (McHenry, 1988).
McHenry (1988) found that subtrochanteric areas are related to body mass within
broad error limits. However, his study did have some necessary assumptions. First, it was
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assumed that body proportions of fossils could be predicted from known species.
Although this is not always true since early hominins do not have the same body
proportions as modern humans. Accordingly, McHenry (1988) made an effort to narrow
outer limits by having the variation of Amerindians and extant primates are within ranges
similar to those measured by fossil femora. McHenry (1988) measured fossil femora,
from both Australopithecus and Homo.
When only human samples are used, the equation to predict body mass (BM) is
log (BM) = 0.624*log (femur area)-0.0562, with r=0.67 (McHenry, 1988). The effect of
using this equation is that it overestimates the weight from small sized femora and
underestimates from large femora (McHenry, 1988). When using the equation derived
from all the hominoidea, excluding orangutans, the amount of variation explained
increases to r=0.829. When only African apes and humans are used in creating the
method the correlation coefficient increases again, this time to r=0.94. The resulting
equation is: log (BM) = 1.189 (log femur)-1.663 (McHenry, 1988). This equation gives
the same predictive body mass estimates as the human-only equation in the middle range
of variation but differ at the extremes.
Using the interspecies equation, which contains both humans and African apes,
the estimates for hominins are similar to other methods. However, it circumvents the
problems of using femoral heads to estimate mass as Australopithecines had small
femoral heads while early Homo had larger ones. Furthermore, femora of
Australopithecines and Homo show a large increase at about 2-1.6 million years ago,
which corresponds with an increase in brain size (McHenry, 1988).
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McHenry’s method (1988) was a metric approach to estimating body mass as it
takes into account how mass correlates with the skeleton. This association is then
measured directly from the bones.
GRINE AND COLLEAGUES’ METHOD
Grine and colleagues (1995) also created a metric approach to estimating mass,
although different dimensions were utilized. Grine and colleagues (1995) studied the
femoral fossil Homo from Berg Aukas, northern Namibia. The remains unearthed are the
proximal half of a right femur, with a large head, short neck, and straight shaft. The large
head falls within or above the upper limits of variation for recent human males of
European and African descent. The authors wanted to attempt estimation of the fossil’s
body mass using the femoral head diameter (Grine et al., 1995).
Grine and colleagues (1995) used a sample of ten sex specific means of large
modern human samples to create a model for estimating body mass. The sample
consisted of African Americans, European Americans, and Native Americans that were
collected by Jungers (1990). The model was constructed using least squares regression.
The final model is: BM=2.268*fhd-36.5, with r=0.92 and a mean predictive error of
about 5% (Grine et al., 1995). A log transformation did not improve the predictive quality
of the method. The researchers predict a body mass of about 93 kg for the femoral
fragment of Homo from Berg Aukas, northern Namibia (Grine et al., 1995).
MORPHOLOGICAL METHODS FOR ESTIMATION OF BODY MASS
Morphological methods attempt to reconstruct the shape of the body to infer size,
and as a result, rely on measures related to climate. The influence of climate on human
morphology has a long a history. Do modern and earlier humans adapt to weather
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through variation in forms? Bergman (1847) and Allen (1877) attempted to address this
issue. Bergman (1847) states that for a morphologically variable species covering a wide
geographical area, larger bodies will be found in the colder areas and smaller bodies in
warmer. Allen (1877) states that individuals with short extremities will be found in colder
areas and those with longer extremities in warmer areas. These are special cases of the
relationship between surface area (SA) and body mass (BM). The SA/BM is greater in
warmer regions and smaller in colder areas. However, it is not just the ratio of surface
area and body mass that needs to be accounted for; nutrition, culture and nonmorphological adaptations can also influence physical morphologies (Ruff, 1994).
Surface area increases as the square of the linear dimensions; volume varies with
the cube of linear dimensions. The ratio of surface area to volume decreases as an object
becomes larger, and a sphere has the lowest surface area to volume ratio of any shape.
Any departure from this shape will result in the surface area increasing relative to volume
(Schmidt-Nielsen, 1984).
RUFF’S METHOD
Ruff (1991) proposed a method to estimate mass using a cylindrical model for
humans, with estimated height of the individual for the cylinder height, and bi-iliac
breadth as a proxy for the diameter of the cylinder. The height was calculated from living
stature or height equations using long bones from appropriate reference samples (Ruff,
1991, 1994). In 1991, Ruff produced equations based on population means from 71 living
human populations, with about 30 individuals of each sex for each group. The groups
consisted of samples from sub-Saharan Africa, Southeastern Asians, Europeans and
Native Americans. Two predictions were tested; first, that body breadth would not vary
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when stature did in the same population, and second, that there would be a difference in
bi-iliac breadths in populations across different climates (Ruff, 1991). Both of these
predictions hold true, regardless of whether sex is considered. Therefore, Ruff (1991)
concludes that the cylindrical model is appropriate to apply to body mass estimation and
will capture the climatic variations present in different populations.
In 1994, Ruff used 56 worldwide sex-specific samples in order to create the first
version of his bi-iliac breadth and stature body mass estimation model. The correlations
between latitude and bi-iliac breadth are high, as predicted, with a sexes combined r of
0.866 (for males r=0.884, and for females r=0.919) (Ruff, 1994), with a reported error of
4.4 kg (Ruff, 2000b). When stature was compared to latitude, no significant correlation is
apparent. Body mass and latitude are significantly correlated (r=0.607) until bi-iliac
breadth is held constant, which removes the significance between body mass and latitude.
Controlling for stature, however, has little effect on the correlation between the ratio of
surface area to body mass and latitude, while bi-iliac breadth does have an effect. This
suggests that bi-iliac breadth is a proxy for latitudinal changes in body mass and the ratio
of surface area to body mass (SA/BM). Thus, the increase in body mass and decrease in
SA/BM with decreasing temperatures are due to the increase in body breadth (bi-iliac).
This result indicates that bi-iliac breadth gives a clear indication of the type of
environment that the individual came from (Ruff, 1994).
Stature, on the other hand, may differ in the same population, but not due to
temperature or the ability to retain heat or cool the body. Stature may be more related to
the humidity level present in that environment. Therefore, individuals inhabiting a warm
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region will have narrower bodies, regardless of stature, as bi-iliac breadth was an
indication of climate and not amount of resources or health of the individual (Ruff, 1994).
The bi-iliac breadth and stature technique is a morphological method, as it does
not depend on how the body responds to supporting one’s own mass. It does not make the
assumption of other methods that the mechanical loading of a skeletal element is the
same for modern and earlier hominins (Ruff, 1994). Estimation techniques always
involve uncertainties, given the variability of soft tissue, but the estimation of body mass
for fossils is useful for a variety of reasons. Body mass is the most widely used
component of body size, and morphometric approaches have the advantage of
circumventing how mechanical loadings affect bone (Ruff et al., 2005). This method
requires more complete remains, however, including a complete pelvis (or at least one os
coxa and a sacrum) as well as a long bone to estimate stature. Ruff followed the method
used by Tague (1989) and articulated the pelvis with rubber bands in order to measure the
bi-iliac breadth.
Soft tissue variation is a definite issue in modern populations. Furthermore,
nutritional levels, social economic status, and disease load, could have a marked effect on
growth and development. Bi-iliac breadth, however, is not affected by a loss or gain in
weight. Therefore, using the bi-iliac-stature method should provide fairly accurate
population averages given the average height and bi-iliac breadth (Ruff, 1994).
Ruff and colleagues (1997) refined the morphological body mass estimation
method in order to help determine the Encephalization Quotient (EQ) for early hominins.
Over the last two million years there has been an increase in brain size along with a
reduction in post canine dentition and skeletal robusticity. In order to analyze any of
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these factors, body size must be accounted for, and body mass is the preferred variable to
represent body size. Other methods use diaphyseal and articular dimensions, while Ruff’s
method is based on morphological dimensions of the skeleton, not on how the mass is
associated or correlated with the bone dimensions. Diaphyseal breadths of fossil
hominins are generally larger and more robust than modern humans, due to a number of
factors, including an increased loading, the environment, or some other unknown factor.
Articular dimensions, on the other hand, are less environmentally sensitive and may
reflect the effects of mass more accurately (Ruff et al, 1991; Trinkaus et al, 1994). The
authors calculated both metric (using femoral head dimensions) and morphometric (biiliac breadth and stature) body mass estimation methods (Ruff et al., 1997). For the
morphometric approach, the skeletal bi-iliac breadth (BI) is converted to living breadth,
which is used in the body mass equation (living BI=1.17*skeletal BI-3). The two types of
methods were then compared against one another. The absolute mean difference between
the two estimates is about five kilograms, or 7.6%. Paired t-tests between the metric and
morphometric approaches show that there is not a significant difference between the two
methods (p value ≥ 0.30). Since similar results are obtained, the confidence in the
methods, according to the authors, is increased (Ruff et al., 1997).
Differences occur between the hip breadth proportions in males and females
(Hiernaux, 1985), therefore the equations the researchers created are sex-specific (Ruff et
al., 2005). When sex is unknown, an average between the two values is calculated. Ruff
and colleagues (2005) created a morphometric body mass estimation method that
amended previous results (Ruff et al., 1997) since it includes two high latitude
populations. The accuracy of the new model and predictive error was examined in
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relation to population affinity, sex and body shape. The new equations were then applied
to high latitude Pleistocene hominins. Like all previous methods, obese individuals were
eliminated from the sample used to create the model (Ruff et al., 2005). The model from
Ruff (2000a) is as follows, where BIB is bi-iliac breadth: for males BM (kg) =
0.373*stature + 3.033*BIB - 82.5; BM, for females BM (kg) = 0.522*stature +
1.809*BIB -75.5. When the higher latitude populations’ body masses are estimated, they
underestimated males’ and overestimated females’ weights (Ruff et al., 2005). Once the
new Finnish male and female data are added to the original sample, the new equations
became: for males BM (kg) = 0.422*stature + 3.126*BIB – 92.9; for females BM (kg) =
0.504*stature + 1.804*BIB -72.6 (Ruff et al., 2005). The largest predictive error between
the old and new equations is in the male higher latitude individuals. Accuracy is affected
by relative muscularity, estimating stature and shoulder to hip ratios (Ruff et al., 2005).

DEBATES ABOUT METHODS OF ESTIMATING MASS
There are a number of debates on the best way to estimate body mass from
skeletal remains. These were reflected in the different methods involving metric
dimensions of the skeleton. These debates include the usefulness of upper versus lower
limb, as well as choice of skeletal element(s) within these body segments are the most
useful predictors. Most researchers support the argument that body mass will be better
correlated to elements in the lower limb skeleton, since it supports the entire weight of
the individual (Aiello and Dean, 1994). However, a study by Ruff (2000b), suggests that
the upper body long bones also scale with body mass, although to a lesser degree than
lower limb bones. The debate regarding choice of skeletal elements concerns which
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skeletal elements better associate with body mass (Holliday and Ruff, 2001; Jungers,
1988, 1990; Grine et al., 1995; McHenry, 1974, 1988; Ruff et al., 1997; Ruff 2000a, b).
Examination of the skeletal variables chosen will elucidate the predictive usefulness of
the upper versus lower limbs.
The most significant debate regards the relative usefulness of, and the plasticity
between, articular surfaces and diaphyseal dimensions. It is assumed that the best
variables will be features with some relationship to body mass (Ruff et al., 1997). The
main support for using articular dimensions is that they were less environmentally
sensitive, and consequently should reflect changes in body mass without complication by
additional factors, such as activity (Ruff et al., 1991, 1997; Trinkaus et al., 1994).
Lieberman and colleagues’ (2001) research supports the argument that articular surface
area is ontogenetically constrained, and will reflect body mass accurately. Diaphyseal
dimensions are found to reflect changes in activity levels, and thus they argue these
should not be applied in studies concerning body mass (Lieberman et al., 2001; Trinkaus
et al., 1994, 1999).
Other researchers find that diaphyseal dimensions are likely to respond to
increased mechanical loadings, and consequently are plastic (e.g. Ruff et al., 1989). This
plasticity has been shown to be constant across species, making it applicable to estimates
of body mass that will be utilized in studies concerning Homo (Ruff et al., 1989). In
addition, a study by Ruff and colleagues (1991), comparing weight at 18 years of age
with current weight (ranging in age from 24 to 81 years), has shown that diaphyseal size
significantly correlates with current body mass. Although this study used living
individuals, it suggests that articular surfaces predict weight at maturity (i.e. 18 years of
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age), while diaphyseal dimensions, due to their plasticity, reflect further changes in mass
(i.e. weight-at-death). However, a study by Hindelang and colleagues (2002) finds that
bone dimensions increase during senescence in moose, which may explain the correlation
between diaphyseal dimensions and body mass, as most individuals gain weight as they
age. These studies are not actually determining a causal relationship between mass and
skeletal shape or dimensions, but are in fact looking for the most valuable predictor of
mass from skeletal dimensions.
ALLOMETRY
Furthermore, not all of the studies took allometry into consideration (reviewed in
Wolpoff, 1985), which has been touted as a universal trait (Gould, 1975). Allometry is a
change of shape with an increase in size, represented by y=bxa (where a and b are
coefficients) (Lincoln et al., 2001). In 1932 Julian Huxley states that growth within and
between species is allometric. However, within the last few decades this has been
questioned (Wolpoff, 1985; Smith, 1993; Gingerich et al., 1982; Shea and Gomez, 1988).
Whether there is a distinction between inter- and intra-specific allometry has been
questioned. Many researchers have shown that using broader taxa or species-based
questions create higher correlation values than more specific categories due to the
decrease in the range of variation (Hartwig-Scherer, 1993; Smith, 1981; Wood, 1979).
This automatically makes inter-specific equations, like Gingerich’s, appear more reliable.
However, this is a statistical effect and should not invalidate results that intra-specific
equations may find in the future.
When allometry is assumed, which it was in many cases (Wolpoff, 1985;
Gingerich, 1974; Henderson and Corruccini, 1976), a log-log transformation is usually
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utilized. Since allometry assumes an exponential relationship between X (tooth
dimensions) and Y (body size), and ―a‖ is a biologically relevant slope, a transformation
of logY=a*logX + log B is implemented (Smith, 1981). But transforming dimensions
from an arithmetic value to a logged value and then back to an arithmetic value is not
without problems. This double log transformation adds error into the equation in two
places, once at each numerical change (Smith, 1993).
REGRESSION METHODS
There has also been much debate regarding whether a least-square regression is
the appropriate predictive model to implement (Smith, 1994). Yet, there has been no
question with regards to utilizing a log-log transformation. If allometry is indeed
applicable within and between species, a log transformation is only required on the X
variable. A double log transformation, or transformation of X and Y, changes the data,
and the statistical assumptions. In order for the Y variable to be transformed, the data
must have a heteroscedastic variance. None of the studies dealing with body size
estimation from tooth dimensions state whether a heteroscedastic variation was present.
Therefore, it is unknown whether a log-log transformation was actually a valid
conversion (Neter et al., 1996).
APPLICABILITY OF MODELS
Many researchers have also questioned the reliability of comparing fossil
hominins to modern humans (Kappelman, 1997; Roth, 1990). Kappelman (1997)
suggests that when modern humans are utilized as the reference sample, researchers run
the risk of depicting hominins with modern human proportions and features. This could
create a misleading and unviable picture with which to evaluate changes through the
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history of Homo. However, there is no evidence to suggest that the bones most closely
correlated with body mass have changed through time, or that the way that mass effects
the skeleton would change either.

CONCLUSIONS
Body mass estimates, regardless if morphometric or metric approaches are used,
are useful for a multitude of applications, including paleoanthropology, forensics, and
biomechanics. Since geographic variation in early Homo appears to reflect modern
morphological diversity (Ruff, 1994), body mass estimation techniques for present
peoples should be applicable to past peoples as well. Activity patterns among prehistoric,
historic and modern individuals can only be accurately assessed when mass, one of the
most basic stressors affecting the skeleton, is standardized (Ruff, 2000b). On a population
level, changes in body mass can indicate alterations in lifeways, particularly in
subsistence patterns (Ruff, 1999). Furthermore, individual variation must be taken into
consideration because the mean outcome tends to mask the changes that occur on an
individual level.
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CHAPTER 3
MATERIALS AND METHODS
MATERIALS
The skeletal remains chosen for the current study came from four documented
collections in the United States. The collections were chosen as they contained
documented information on body mass and height for the individuals present. A total of
667 documented skeletal remains from the Maxwell Museum Documented Collection,
William M. Bass Donated Collection, Robert J. Terry Skeletal Collection, and HamannTodd Osteological Collection were studied. These four collections represent two separate
time periods, the late 19th/early 20th century and a contemporary sample.
The late 19th/early 20th century samples are comprised of skeletons from the Terry
and Hamann-Todd Collections and are henceforth referred to as ―reference collections‖.
A multitude of anthropological methods have been created from these collections. These
two reference collections contain a large sample of American whites and American
blacks, with a very small proportion of other ethnicities or races. The ―contemporary‖
skeletal collections include the Maxwell and Bass Collections, both of which are based
on ongoing skeletal donation programs. These two collections also contain predominately
American whites and American blacks, although both have a larger proportion of other
biological affinities than in the reference collections.
When comparing collections it is not appropriate to evaluate body mass values as
the individuals can vary in height at a weight or vary in weights at a specific height.
Therefore, when comparing across collections or individuals, it becomes necessary to
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take the given weight at the specific height into consideration. In order to do this the
Body Mass Index (BMI) is used to compare both individuals and between collections.
DOCUMENTED COLLECTIONS
MAXWELL MUSEUM
The Maxwell Museum documented skeletal collection began in 1984, and as of
2009, includes 260 skeletons (Laboratory of Human Osteology Maxwell Museum of
Anthropology, 2010). This collection is based on donations made by individuals prior to
their death or by family members after the individual’s passing. Information is obtained
from the donor, or their family, and includes age, height, weight, sex, biological affinity,
and since the 1990s also includes health issues as well as lifelong activities. The donated
individuals all died within the last 35 years with birth years spanning 1887 to 1971 and
therefore represent a contemporary sample. The collection consists of primarily
Americans whites, with a larger proportion of males. There were, however, some
American black individuals in the collection. Individuals from this collection are
primarily from the Albuquerque area, although remains are donated from all over New
Mexico (Laboratory of Human Osteology Maxwell Museum of Anthropology, 2010).
For this study 72 skeletons were measured from the Maxwell Museum. However
only 71 could be used for the total sample as one had an unknown height and, as a result,
BMI (Body Mass Index) could not be calculated. In all, 50 males and 21 females were
analyzed for the full sample, with BMIs ranging from 15 to 45 (see Figure 1 for
distribution). A BMI less than 18 represents an emaciated individual and 25-29 is
overweight, while greater than 30 is obese. Therefore, a number of individuals are well
below normal weight. All but three of the male individuals are white and all of the
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females are white. For the combined sexes, 77% are considered old adults (age 50 and
greater).
Figure 1-Body Mass Index Values for the Maxwell Museum Documented Collection

WILLIAM M. BASS SKELETAL COLLECTION
The collection began in 1981 under the direction of William M. Bass and is
housed at the Forensic Anthropology Center at the University of Tennessee Knoxville’s
Anthropology Department. Currently it contains over 650 individuals, ranging in age
from fetal to 101 years. It continues to grow in size since it is an active donation program
(University of Tennessee Forensic Anthropology Center, 2010). The demographic profile
consists of predominately American whites and Americans blacks, with a small
proportion of Hispanics. Most individuals in the collection died in the state of Tennessee,
although some come from other areas around the country. Like the Maxwell Museum
Documented Collection these individuals or their families donate their remains and
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provide information on their age, sex, weight, height, biological affinity and occupation.
This collection consists of individuals who died within the last thirty years with birth
ranges from the 1890s to the 21st century and is therefore a contemporary skeletal sample
(University of Tennessee Forensic Anthropology Center, 2010).
For this study a total of 186 skeletons were measured from this collection, of
which 145 are male and 41 female, with BMIs ranging from 18 to 53 (see Figure 2 for
distribution). Therefore all individuals are within or above normal BMI ranges. Two of
the females and 16 males are American blacks and the remainder of which are American
whites, with 59% of the total sample being old adults (age 50 plus).

Figure 2- Body Mass Index Values for the William M. Bass Documented Collection
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REFERENCE COLLECTIONS
HAMANN-TODD OSTEOLOGICAL COLLECTION
As an anatomy professor at Case Western University in Cleveland, Ohio, T.W.
Todd began building a skeletal collection from anatomy cadavers (Quigley, 2001). Carl
Hamann, the dean of the medical school, also helped add remains to the collection
(Thompson, 1982; Moore-Jansen, 1989). The remains are individuals primarily from the
Cleveland area, with some from the rest of Ohio. All were born between 1823 and 1934.
The remains are from anatomy dissection labs, the indigent or unclaimed dead, and those
who willed their bodies. The remains came with documentation, although facts on certain
individuals, such as age and race, were determined by doctors from the cadavers
(Quigley, 2001). For the individuals that specify a place of birth, 60% of the whites are
from outside the United States (mostly European countries). The remaining white
individuals are from the northeastern US, while the majority of black individuals came
from the southeast (Cobb, 1952). The collection is skewed toward males and adults, with
most considered to be of lower socioeconomic status (Cobb, 1952). In the 1950s and
1960s the collection transferred to the Cleveland Museum of Natural History (Quigley,
2001). This collection has been used for the development of numerous methods, for
aging, sexing, and other research and therefore is called a reference collection.
In this study a total of 208 skeletons were measured consisting of 126 males and
82 females, with BMIs spanning from 18 to 47 (see Figure 3 for distribution). Of the total
number of males and females 74 and 44, respectively, are American whites. The majority
(60%) of the individuals in the skeletal collection are under 50.
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Figure 3- Body Mass Index Values for the Hamann-Todd Skeletal Collection

ROBERT J. TERRY ANATOMICAL SKELETAL COLLECTION
Robert J. Terry was an anatomy professor at Washington University Medical
School in St. Louis, Missouri. He was intrigued by the variation within the human
skeleton, and began to collect anatomical specimens that had been dissected by medical
students in the 1920s (Thompson, 1982; Moore-Jansen, 1989; Quigley, 2001; Hunt and
Albanese, 2005; Hunt, 2010). During this period a majority of the skeletons came from
poor, indigent individuals. When the Willed Body Law of Missouri was passed in the
1950s, the individuals that were added to the collection were from middle to upper
income families, thereby changing the demographic of the skeletal sample (Quigley,
2001; Hunt and Albanese, 2005). In addition, the documentation associated with the
individuals in the collection increased greatly after the 1950s. The documentation
consists of age, sex, biological affinity, height and weight for some individuals, and cause
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of death (Quigley, 2001). After Dr. Terry’s retirement, Dr. Mildred Trotter continued to
add to the collection until her retirement in 1967, and the collection was later transferred
to the Natural History Museum at the Smithsonian in Washington D.C. (Quigley, 2001;
Hunt and Albanese, 2005) The collection represents individuals that were born between
1822 and 1943, and therefore is a reference skeletal sample from the 19th and early 20th
century. Like the Hamann-Todd collection, it has been utilized to create many
anthropological methods.
The collection consists of 1,728 individuals, with more American black males
represented than white males. As with most anatomical collections, females are present at
a lower rate than males. The ages at death ranges from 16 to 102 years, with the largest
percentage being 45 years or older (Hunt and Albanese, 2005). For this study 202
skeletons were measured, of which 161 are male and 41 female, with BMI ranging from
17 to 37 (see Figure 4 for distribution). Of the males and females analyzed 82 and 33,
respectively, are classified as American blacks, with 68% of the skeletal sample over 50
years of age.
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Figure 4- Body Mass Index Values for the Robert J. Terry Collection

CHARACTERISTICS OF SKELETAL COLLECTIONS
The documented skeletal collections reflect many similar characteristics and yet
differ in others. All individuals chosen for this study have known weight, height, sex and
biological affinity. The distribution of ages, sex, biological affinity, weight, and height
are below in Figures 5-9, divided by skeletal collection.
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Counts

Figure 5- Age Distribution of the Documented Collections

1= Young adult, 2=Middle adult, 3=Old adult, 4=Unknown age adult

Counts

Figure 6- Sex Distribution of the Documented Collections

1=Male, 2=Female
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Counts

Figure 7- Biological Affinity Distribution of the Documented Collections

1=American white, 2=American black

Counts

Figure 8- Height (cm) Distribution of the Collections

Counts

Figure 9- Weight (kg) Distribution of the Collections
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One distinctive and important difference in the collections is how the
documentation of weight is obtained. For the reference collections weight is primarily
determined at time of death and is obtained by the collections from morgue records.
Contemporary collections have seen a change in how weight is determined. Weight is
obtained either through morgue/autopsy records or through donation paperwork. Both
pathways for gathering information can be flawed. Morgue or autopsy weights are taken
at some time following death, although the time interval between death and recording
differs. With this wait there can be changes in the body mass due to cellular decay,
leading to a decrease from the weight during life. In both cases it is unknown how long
the individual has been at that weight, or if they had experienced sudden weight loss or
gain soon before death. This sudden change in weight could interfere with determining
how body mass is correlated with bones, as it is unknown how long the process of bone
change takes after weight loss or gain. However, this is an inherit problem with all
documented collections regardless of how the body mass is determined. Whether self
reported at an earlier time period or determined during an after death exam, there is no
record of, in most cases, how long the person had remained at that weight and what their
living weight was directly prior to death.

DATA COLLECTION METHODS
SAMPLE SELECTION-DOCUMENTED COLLECTIONS
Individuals from each documented collection were chosen based on multiple
criteria. The skeletons were selected based on age, sex, biological affinity, and cause of
death. The individuals had to be at least 18 years of age, with all epiphyses fused on the
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elements measured in this study. Measurements were not taken if any element from the
study had not finished epiphyseal fusion. The maximum age for long bone epiphyseal
fusion is 22 years for males, and is later than in females (from Buikstra and Ubelaker,
1994). Samples from each collection were chosen in order to attempt to obtain an equal
number of American blacks and whites of each sex. Due to the smaller number of
females in all collections, it was not possible to get an equal number of males and
females, regardless of biological affinity. Most importantly, individuals were selected
based on criteria of their cause of death: they could not have died from any kind of
wasting disease.
Wasting diseases are defined as the unintentional loss of at least ten pounds,
usually consisting of lean muscle (Grunfeld, 1995; Mitch and Goldberg, 1996). This loss
of protein is a consequence of many diseases and infections, including AIDS, cancers,
and sepsis (Grunfeld, 1995; Mitch and Goldberg, 1996). According to Schwartz and
colleagues (1995) normal individuals have two responses to starvation that make survival
possible. First is the preservation of lean body mass, and second is a series of responses
from the central nervous system to ensure depleted energy is replenished. Therefore, for a
healthy individual starvation leads to the activation of the anabolic effector pathways that
promote energy intake and storage of that energy, which, in effect, suppress the catabolic
effector pathways (which are involved in lowering food intake and increasing energy
expenditure). In individuals with a wasting disease the catabolic pathway is left on during
starvation or decreased food intake, which inevitably leads to loss of lean muscle and
eventually became a factor in the individual’s death. Mitch and Goldberg (1995) further
suggests that the loss of protein from skeletal muscle, thereby leading to a loss of lean
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muscle, is due to the activation of the Ubiquitin-Proteasome pathway that occurs in the
catabolic state. Regardless of the causes behind the massive loss of lean muscle mass,
individuals with a disease that causes muscle wasting were eliminated from the study due
to the quick and abnormal loss of weight associated with their disease, thereby making
their ―known‖ body mass suspect and unreliable.
Since half of the collections utilized for this study were from the late 18th
century/early 19th century, other diseases thought to be wasting diseases were also
eliminated. This included additional diseases not currently discussed in the literature as
the occurrences are diminished in the present day, such as tuberculosis, certain fevers and
syphilis.
DATASET
A total of 667 individuals were analyzed for the full dataset (which included
individuals of all body mass index values), from four documented collections. This
included two contemporary documented collections, the William Bass and Maxwell
Museum Documented Collections, and two reference collections from the early 19th
century, the Hamann-Todd and Robert Terry Skeletal Collections. Due to the smaller size
of the contemporary collections, a higher percentage came from the reference collections
(see Figure 10).
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Figure 10- Counts of Skeletons from Each Collection

N=71
N=208
N=186

N=202

Furthermore, the distribution of males differed for each collection. As seen in
Figure 11, in all collections there was a dramatic difference in sample size between males
and females.
Figure 11- Percentages of Males and Females from Each Collection
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The distribution of American whites and blacks differ depending on the time
period being considered. For contemporary collections, within each sex, the number of
American blacks is grossly deflated when compared to American whites. However, in the
reference samples, although there are still more American whites, the difference between
the two biological groups is not as great. Figures 12 and 13 demonstrate the proportions,
within males and females respectively, of the skeletons divided by biological affinity.
Figure 12- Biological Affinity Percentages by Collection for Males
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Figure 13- Biological Affinity Percentages by Collection for Females

The average weight of the individuals studied can also be divided by collection
and sex. Figure 14 shows that a majority of the males came from the Bass, HamannTodd and Terry collections, with the highest body mass average from the Bass
Collection. For females, the vast majority of individuals studied are from the HamannTodd Collection, with the highest average body mass present in the Bass Collection.
When the collections are divided by sex and biological affinity, some of the same trends
in the males and females are visable but with some differences (see Figures 15 and 16).
For males, the largest number of individuals are the Bass Collection American whites,
which also have the highest average body mass. For females the Hamann-Todd American
whites comprise the largest number of individuals; however, the highest female body
mass average is found in the Bass Collection American whites.
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Counts and Kgs

Figure 14- Number of Individuals, by Sex for Each Collection and the
Corresponding Average Weight of Each Grouping

Counts and Kgs

Figure 15- Number of Male Individuals, by Biological Affinity for Each Collection
and the Corresponding Average Weight for Each Grouping
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Counts and Kgs

Figure 16- Number of Female Individuals, by Biological Affinity for Each Collection
and the Corresponding Average Weight for Each Grouping

DATA COLLECTION
Twenty nine skeletal measurements were collected from each individual in the
documented collection populations. These variables included long bone lengths, midshaft
dimensions, articular dimensions, bi-iliac breadth, clavicluar and scapular dimensions.
See Table 1 for a complete list of the measurements. These measures were taken from
two reference sources, Standards for Data Collection from Human Skeletal Remains
(Buikstra and Ubelaker, 1994) and Lehrbuch der Anthropologie (Martin, 1957); the
source of each measurement is also found in Table 1.
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Table 1-Measurements by Reference (with Reference Number)
1*
2*
3*
4†
5†
6†
7*
8†

Femur length (SOD # 60)
Femur Midshaft: Anterior-Posterior (SOD # 66)
Femur Midshaft: Medial-Lateral (SOD # 67)
Femur Subtrochanteric Region: Anterior-Posterior (M-10)
Femur Subtrochanteric Region: Medial-Lateral (M-9)
Femur Head: Maximum (SOD # 63)
Femur Epicondylar Breadth (SOD # 62)
Tibia Length excluding intercondylar eminence, but including medial malleolus
(M-1b)
9†
Tibia Length excluding both intercondylar eminence and medial malleolus (M-2)
10† Tibial Plateau Surface: Medial-Lateral (M-4a)
11† Tibia Plateau Surface: Anterior-Posterior (M-4b)
12† Tibia Midshaft: Anterior-Posterior (M-7)
13† Tibia Midshaft: Medial-Lateral (M-9)
14* Maximum Humerus Length: To lowest point of the trochlea (SOD # 40)
15† Humerus Midshaft Maximum (M-5) (SOD # 43)
16† Humerus Midshaft Minimum (M-6) (SOD # 44)
17† Maximum Humerus Head Diameter (SOD # 42)
18* Maximum Humerus Epicondylar Width (SOD # 41)
19* Maximum Radius Length (SOD # 45)
20† Maximum Radius Midshaft Diameter (M-4)
21† Minimum Radius Midshaft Diameter (M-5)
22* Maximum Ulna Length (SOD # 48)
23† Ulna Length excluding styloid process (M-2)
24† Maximum Ulna Midshaft Diameter (M-11)
25† Minimum Ulna Midshaft Diameter (M-12)
26† Bi-iliac Breadth (M-8)
27* Maximum Clavicle Length (SOD # 35)
28* Scapula Height (SOD # 38)
29* Scapula Breadth (SOD # 39)
*: Measurement from Standards for Data Collection from Human Skeletal Remains
(Buikstra and Ubelaker, 1994)
†: Measurement from Lehrbuch der Anthropologie (Martin, 1957)

All measurements were taken on the right side when possible and by a single
researcher. If the right side was damaged or unavailable the left was measured in its place
and noted. Midshaft and articular dimensions were taken utilizing digital Mitouyo
Calipers, while long bone lengths were determined from a Paleotech osteometric board.
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The same instruments were used throughout the whole project. For the bi-iliac breadth,
the right and left os coxa were articulated with the sacrum and held in place by the
researcher, and then placed on the osteometric board to find and measure the widest
point. In cases where the pelvis was too large to hold with one hand, the researcher used
both hands and enlisted assistance to move the end piece of the osteometric board.
Previous methods utilizing bi-iliac breadth have used rubber bands to hold the bone in
place (Tague, 1989; Ruff, 1994). However, it was found during the pilot study that
articulation of the pelvic girdle with rubber bands could damage friable bone and
therefore was not used.
INTRA-OBSERVER ERROR
Thirty individuals were measured twice in order to calculate intra-observer error.
A random sample from all the collections were selected and all measurements retaken.
Seven were selected from the Maxwell Museum, 13 were from the Terry, one from the
Hamann-Todd, and nine from the Bass Collection.

METHODS
DATA PREPARATION
Skeletal dimensions from documented and archaeological collections were
entered into a Microsoft Access database. Demographic data from each documented
collection were also entered into the database. Due to the differences in known
demographic information between documented and those inferred for archaeological
collections, the specific ages from documented collections were reclassified into broader
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categories of young adult (18-34), middle adult (35-49) and old adult (greater than 50) in
order to compare them to archaeological age estimates.
Body mass index (BMI) was also calculated for each individual in order to
ascertain where he or she fell in the range from emaciated to obese. Normal ranges of
BMI are between 18 and 24.9, below 18 is emaciated and 25 and over corresponds to
overweight through obese individuals. BMI values were utilized due to the chance of
individuals having differing weights at similar heights (or vice versa) rendering one
unable to compare weights alone without exaggerating the differences due to height
alone. It was important, therefore, to account for height differences, which could be
causing some of the weight variances seen. The use of BMI is in no way an attempt to
validate it as a measure of health. It is only a convenient way to account for differences in
weight when height is accounted for in the analysis. For documented collections, the
known body mass and height were used to calculate BMI. For skeletons from the Georgia
coast, body mass was estimated using the specific method being tested and height using
appropriate reference sample predictive equations.
SUBDIVIDING DATA
Before creation and testing of new body mass estimation techniques it was
necessary to eliminate variables that might cloud the result and to test which categorical
variables are significant factors in estimating body mass. For this study, only individuals
with a BMI within the normal range (18 to 24.9) were used to determine the multiple
element model. Emaciated, overweight and obese individuals were removed from the
dataset due to the possibility of a reduction in accuracy by their lack or excess of weight.
No current methods for the estimation of body mass from the skeleton account for
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varying contributions to mass of lean and adipose tissue. Some anthropological
researchers have assumed that prehistoric people’s body composition was similar to
Olympic caliber athletes (Ruff, 2000a). It is reasonable to assume, and is seen in ancient
art, that prehistoric people were lean relative to today’s American population, but the
actual body composition of past peoples is unknown.
Emaciated individuals may suffer from poor health and other wasting diseases not
listed in their cause of death. If left in the dataset those individuals that had lost a
considerable amount of weight just prior to death may add error in the regression
equations. This is a complication as it was unknown how long it takes bone dimensions to
respond to a change in body mass, at least with respect to most of the external dimensions
included in this study. Current studies in biological literature (e.g. Patel et al., 1997;
Blake et al., 2000; Warren et al., 2008; Rajamanohara et al., 2011) have focused on bone
mineral density or bone mineral content rather than external dimensions. Some studies
however, have reported on bone dimensions as well. Overweight and obese individuals,
on the other hand, could have a widely varying range of mobility due to weight or other
factors. In order to get a clear picture of how weight is correlated with bone dimensions
in an individual that is still presumably mobile, all underweight, overweight and obese
individuals were removed from the dataset for determination of body mass estimation
equations.
Estimates in mass can also be affected by demographic variables, such as sex,
biological affinity and temporal association. Previous studies (Daneshvari and Pearson,
2004; Daneshvari et al., 2005, 2006) have shown that sex was an important variable in
estimating body mass. Males and females carry weight differently due to differences in
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the angles of the hip joint (Atkinson et al., 2010; Ferber et al., 2003; Malinzak et al.,
2001; Benas, 1984). Biological affinity has also been suggested to play a role in how
body mass is distributed and therefore may affect the elements that best correlate with
body mass (Lovejoy et al., 1996, 2001). Individuals were therefore also divided into
groups of American whites and American blacks. Lastly, many studies show a secular
trend in body mass (Harlan et al., 1988; Shah et al., 1991). As a result, the collections
were compared between ―contemporary‖ and ―reference‖ time periods. To test the
significance between the demographic variables a t-test analysis was performed between
the two groupings to determine if the means and variances were significantly different. A
difference in means and variances does not necessarily mean that the subsamples would
have dissimilar variables chosen for estimating mass. However, when the samples are
subdivided by sex and biological affinity and time period, the samples become too small
for conclusions to be drawn from variable choice. Therefore, for this study, a difference
in means and variances was chosen as a separation standard for the variables of sex,
biological affinity and time period.
DATA-MULTICOLLINEARITY
Multicollinearity can be an important and qualifying issue when regression
equations are calculated. Multicollinearity occurs when two or more variables present in
a regression analysis are highly correlated with each other. This could lead to erratic
changes in the weight assigned to variables in the model (Neter et al., 1996). In order to
detect multicollinearity in the model, a correlation table was created between all of the
variables collected in the model. The degree of multicollinearity can be measured using
the equation for Tolerance (Tolerance= 1-R2) or the Variance Inflation Factor (VIF)
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(VIF= 1/Tolerance). Multicollinearity becomes an issue if Tolerance is less than 0.20 or
VIF is greater than 5, which indicates that the correlation between the two variables
explains 80 percent or greater of their variance (O'Brien, 2007). Multicollinearity can also
be seen as a problem when the correlation score is high. For this study, a correlation of
r=0.60 or greater represents a possible multicollinearity issue. Pairs or sets of variables
detected to have problems with multicollinearity were further evaluated and it was
determined which variable should remain in the dataset for further regression analysis.
Determinations of which variables would stay in the model were based on previous
studies and discrepancies in sample size. If two variables were found to be highly
correlated (r>0.60) and have a Tolerance that is less than 0.20, a two-tiered elimination
approach was implemented. First, if a variable had an extremely low sample size
compared to the other variable, the variable with the lower observation count was
eliminated. Second, if the two variables both had a useable amount of data, then the
measurement found in previous studies to reflect body mass was retained in the analysis.
Furthermore, all variables found to have an extremely low data count, regardless of VIF
or Tolerance value, were eliminated. These variables were eliminated because they were
not repeatable on most skeletons and would likely be of comparatively little use in
predicting the mass of skeletons in the future.
RESEARCH QUESTION AND HYPOTHESIS TESTING
By conducting this research, I strived to evaluate how body mass is correlated
with dimensions in the skeleton and what methods more accurately predict these patterns.
Current methods utilize one or two elements to predict body mass. Since multiple skeletal
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components can be represented differently by an individual’s mass, multiple elements
may become important in determination of body mass on an individual level.
To produce the multiple element model, all of the variables were analyzed that
remained in the database after elimination due to issues of multicollinearity and lack of
data. The data was further divided based on the results from the data analysis, by
variables such as sex, biological affinity, and time period, or any combination of the
three. All of the skeletal variables and demographic variables were analyzed using
multiple linear regression analysis in order to determine the best combination of variables
that will estimate body mass on an individual level.
Multiple linear regression analysis is a statistical technique in which multiple
independent variables were used in combination to estimate a dependent variable. The
regression coefficients for each independent variable demonstrate how much the mean of
the dependent variable will change with one unit increase in ―X‖ if all the other variables
are held constant. Therefore, the regression coefficient is a proxy for the weight of the
variable in the model or how important it is in determining the predicted value (Neter et
al., 1996). There are three types of multiple linear regression selection that can be
implemented in SAS: forward, backward and stepwise. Forward selection selects one
variable at a time based on which variable has the highest R2 value. Backward selection
starts with all of the variables in the model and then eliminates the variables that are
insignificant in the model one at a time. Multiple linear regression analysis with stepwise
selection is an automated procedure that continually evaluates the model and the
variables present in it. R2 values are analyzed at the 0.15 level of significance for
inclusion in the model, and once in the model if the R2 drops below this value it is
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eliminated from the model. Stepwise regression was chosen as the selection model for
this study as it took into account the relationships between the variables and how they
interact (SAS Institute Inc, 1989).
A best fit model was produced for each of the data divisions (sex, biological
affinity and/or time period) found to be significant. The next step was to test the
robusticity of the multiple element model in order to ascertain if removal of a random
subset of individuals would lead to a significantly different model. In order to accomplish
this, Microsoft Excel was programmed to select 25 individuals at random from each
significant data subset. This was run multiple times with similar results but the results
were only reported on one example. The model was then reselected through multiple
linear regression models using stepwise selection. If similar weights were assigned to the
same characters then one can conclude that the model did not change significantly. If,
however, another variable was chosen, the two models were compared using predictive
errors and a t-test to compare the means of the two sample’s predictive errors. If no
significant differences were found between the two variables, the variable to be used in
the final model was evaluated. The evaluation involved a two-fold decision process. First,
preference was given for variables that were more likely to be preserved in
archaeological remains. Second, the reliability of the measurement was assessed for its
inclusion in the final model.
If the model was found not to be robust then the dataset was analyzed once again
to determine if there is a particular case that was an outlier and skewing the results in
regard to the robustness of the model. Once the model was shown to be robust then
further analyses were conducted. Each of these models was then evaluated against the
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methods currently utilized by Ruff (Ruff et al., 1997; Ruff, 1999; Ruff et al., 2005),
McHenry (1988) and Grine and colleagues (1995). For each model, predictive errors
were calculated using the 25 individuals withheld from the analysis to create the robust
model.
CALIBRATION
The multiple element method utilizes an inverse calibration technique. Inverse
calibration relies upon a Bayesian approach rather than a maximum likelihood with the
assumption that an individual is chosen from a population with the same distribution as
the reference sample (Konigsberg et al., 1998). This means that the estimate uses an
informative prior rather than an uninformative, creating smaller confidence intervals but
bias. This technique becomes problematic when extrapolating beyond the reference
population. Classical calibration, which is based on an uninformed prior and maximum
likelihood estimates, and regresses the dependent variable on the independent, is
unbiased but creates large confidence intervals (Konigsberg et al., 1998). The multiple
element model utilizes inverse calibration regression, as the point estimates created are
within normal ranges and can be used in further analyses. The point estimates created by
classical calibration, however, are not within normal or useable weight values. Since in
some instances classical calibration will be an appropriate choice for researchers, the
classical calibration single element models are listed in Appendix A. The classical
models are appropriate for studies in which the population being studied does not reflect
the reference population (Konigsberg et al., 1998). See Appendix C for graphical
representation of the single element inverse and classical calibration and inverse multiple
element model distributions with confidence intervals and regression lines.
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PREDICTIVE ERROR
Following Ruff and colleagues (1991) and Smith (1984), five values were
calculated for each subset of the dataset that had been removed prior to creating the
model for predictive purposes, also called the robust dataset. The five calculations
include the predictive error, the percent predicted error, observed/predicted value, log
residual, and log residual/standard deviation of the residuals. Predictive error indicates
how far the predictive value is from the actual, as does the percent predictive error.
Percent predictive error is defined as ((observed-predicted)/predicted) *100 (Smith, 1984;
Ruff et al., 1991). The observed/ predicted ratio is an indication of the ratio of the two
values, with one being perfect agreement in values. The predictive error, percent
predictive error and observed/predicted values give an indication of the difference
between the actual and predicted values (Smith, 1984). The log (base 10) residual, which
is defined as log (actual) - log (predicted), is another indicator of the proportion between
predicted and actual values. This value will be close to zero when the values are similar.
A value that is less than -1.0 or greater than 1.0 indicates that the predicted value is at
least ten times smaller or greater than the actual weight. The last calculated value is the
log of the residual divided by the standard deviation of the residual. This value indicates
whether the deviation is uncommon in relation to the other points present (Smith, 1984).
Smith (1980, 1981) argues that this value is better to use than R2 as an indicator of how
closely the actual points lie to the predicted line.
Once predictive error values had been calculated, the multiple element model was
compared to the currently utilized methods by Ruff (Ruff et al., 1997; Ruff 1999; Ruff et
al., 2005), McHenry (1988) and Grine and colleagues (1995). This comparison also
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required contrasting the currently utilized method to the best fit model containing the
elements from other researchers, henceforth called the new morphometric, new femoral
head and new subtrochanteric models. In order to ascertain these, a regression formula
was created for each of the elements used in other methods from the robust dataset used
to create the multiple element model.
Single element models were also created from the full dataset. These were created
for instances in which few skeletal elements were present and no currently used method
would work to estimate mass. The data were subdivided in whatever grouping was found
to be important (e.g. sex, biological affinity, and/or time period). For example, if sex was
found to be significant, single element models were created for males, females and
pooled sex.
HYPOTHESIS ONE: The multiple element model predicted mass more
accurately and therefore has lower predictive errors.
In order to evaluate the effectiveness of the multiple element model, the model
parameters and predictive errors were compared with currently used models. An ANOVA
analysis was used to test for significant differences between each method’s predicted
values. If a difference was present, it was further evaluated with a t-test between actual
body mass values and each specific model’s predicted values. If the model’s predicted
values were not significantly different from the actual body masses, and had reasonable
standard errors, it was considered to be an appropriate method to implement for the data
subdivision.
There were a multitude of possible outcomes from this analysis. The first level to
be tested was whether there were any differences present between the actual mass values
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and the predicted values of the models. If no differences existed then one could conclude
all of the models would be able to accurately predict body mass. If a difference was
detected, however, then t-tests between the actual and model predictive values were used
to elucidate which models produce estimates that are significantly different from the
actual values for mass. Models that have predictive values that were not significantly
different from the actual values were considered the most appropriate to implement for
that data subset (i.e. division by sex, biological affinity, and/or time period).
HYPOTHESIS TWO: The lower limb predicted mass more accurately and
therefore was chosen in the multiple element model.
Many researchers (e.g. Aiello and Dean, 1994) suggest that body mass will be
accurately correlated with the lower body since it supports the whole body’s weight. Ruff
(2000b), however, suggests that some elements of the upper limb will scale with body
mass. As a result, the second hypothesis tested in this work was whether there was a
difference between how accurately body mass was associated with the upper and lower
limbs.
In order to test if the upper limb and/or lower limbs were important in estimating
body mass the chosen, robust multiple element model variables were evaluated. The
evaluation consisted of observing which part of the body the heavily weighted elements
come from in the model for each significant subdivision of data (i.e. by sex, biological
affinity and /or time period). Three possible outcomes could occur from this analysis:
lower limbs were only chosen as variables, upper limbs were only chosen as variables, or
a mixture of upper and lower limbs were chosen. If a mixture of elements was selected as
important the proportion of those variables chosen was also considered and evaluated.
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These analyses were conducted on the robust model (which has individuals removed
from the total sample for predictive tests).
HYPOTHESIS THREE: The articular dimensions predicted mass more
accurately and therefore were chosen in the multiple element model.
There is a tremendous amount of debate over whether articular or diaphyseal
measurements will most accurately reflect body mass. Trinkaus and colleagues (1994)
and Lieberman and colleagues (2001) demonstrate that diaphyseal measures are more
affected by activity while articular dimensions are more constrained during development,
making them more efficient for predicting current adult weight accurately. Ruff and
colleagues (1991), however, find that articular dimensions are associated with weight at
maturity while diaphyseal dimensions reflect current weight. It was assumed that each
portion of the skeleton, both diaphyseal and articular, were correlated to some degree
with weight during each individual’s life span. The question tested here was whether
some dimensions were more informative than others in predicting body mass. The
measurements taken in this study consist of articular, diaphyseal and length measures.
Skeletal lengths were also expected to play a significant role in estimating body mass as
proxies for height, which greatly affects one’s overall body mass. Once again, these
measures were used to evaluate the variables association with body mass and not the
actual effect of mass on those elements.
The third hypothesis was again evaluated using the robust multiple element model
variables and weights. As before, three possible outcomes are possible for the analysis:
the best prediction equations would be based on all articular dimensions, all diaphyseal
dimensions, or a combination of diaphyseal and articular dimensions. If a combination of
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measurements were chosen, the weights of the variables and number of variables selected
would be considered in order to ascertain which variables best reflect body mass.

INTRAOBSERVER ERROR
Intraobserver error, or the error one observer has in recording variables, was also
determined for this analysis. Following Utermohle and colleagues (1983), intraobserver
error was calculated as a percentage difference between the two measurements of the
same dimension. The average error percentage was calculated, as well as the correlation
between the first measurements and the second.
Intraobserver error can elucidate any measurements that were a problem for the
observer to take reliably, and may also be difficult in the future for other researchers as
well. Any measures found to be extremely difficult by the current researcher were noted.

ASSUMPTIONS
This study seeks to determine if a multiple element model is more accurate and
reliable than currently used methods. Four assumptions were critical to this research. The
first was that Wolff’s Law is accurate and that bone will remodel when stress is place
upon it. It is assumed that with added weight the bones of the body will respond and add
additional cortical bone to withstand the additional forces added upon it. In addition, with
a loss of weight, resulting in a lack of forces being placed upon the bone there should be
resorption of bone leading to smaller external dimensions. Experimental studies by
Rafferty and Ruff (1994) as well as Lieberman and colleagues (2001) have shown that
bone appears to respond to forces placed upon it, as assumed by Wolff’s Law.
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The second assumption was that activity effects on the skeleton would not
interfere significantly with the ability of skeletal dimensions to accurately predict body
mass on an individual level. Activity also places stressors upon the skeleton that will in
turn cause bone remodeling, assuming that Wolff’s Law is indeed accurate. Activity
creates forces upon the skeleton through a function of body mass and acceleration of the
limbs due to actions and gravity (Martin et al., 1998; Pearson, 2000; Ruff, 2000b). The
effects of activity only differ from the effects of body mass in the additional acceleration
they impose on the limbs. Therefore, it was assumed that the added effects from activity
of the skeleton should be minimal. Studies by Lieberman and colleagues (2001) and
Trinkaus and colleagues (1994) find that articular dimensions are more ontogenetically
constrained and therefore may more accurately predict body mass. If this is indeed true
then articular dimensions will always be a part of the multiple element model.
The next assumption was that the individuals measured in this study have
remained at the recorded weight for enough time for the bones to reflect the weight
accurately. It is unknown how long it takes the body to respond to additional or lack of
forces due to weight gain or loss. Furthermore, it was unknown in all cases if the reported
weight was the weight of the individual at the time of death or at the time of body
donation. Studies in biological literature (e.g. Patel et al., 1997; Blake et al., 2000;
Warren et al., 2008; Rajamanohara et al., 2011) have not focused primarily on external
dimensions. Those that did report on bone dimensions did not necessarily do so on the
bone dimensions utilized in this study. These are inherent problems with all documented
collections.
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Lastly, an additional assumption must be made in reference to biological affinity
or race. The concepts behind one’s race or biological affinity have changed through time.
Race, as a result, is a complex topic and conceptions of it are also always changing
(Herman, 1996). As such the race an individual was considered in the late 1800s is not
necessarily what one would consider that individual today. In reference collections,
biological affinity is obtained from death certificates that were usually based off of a
physician’s observations of morphological features of the deceased. In contemporary
collections, race is usually self-ascribed, or reported on by the decedent’s family. The
difference in how race was reported could also affect the groupings used in this study
between the reference and modern collections. Some previous studies suggest that
perhaps race should be accounted for when estimating body mass (Daneshvari and
Pearson, 2004; Daneshvari et al., 2007). However, the studies were based on small
samples and may not have captured the complete amount of variation present in the
samples as a result. For this study, therefore, it was assumed that the idea of race,
ascribed by self or others, has not changed too dramatically from the late 1800s to the
present. For all documented collections that span a period of time, this was an inherent
problem with reported biological affinity or race. This assumption was in part tested
when the two time periods were tested for differences in mean and variation. If no
difference was found between the biological affinities or the time periods, then it can be
assumed that the idea of race changing does not affect body mass estimation predictive
equations.
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SUMMARY
Through this study, a multiple element model was created and tested to see what
methods would more accurately predict body mass. Three hypotheses were tested for this
portion of the study. First, the multiple element model was statistically compared to the
other models currently used by Ruff (Ruff, 1999; Ruff et al., 1997, 2005), McHenry
(1988) and Grine and colleagues (1995). Based on the results of the variable selection,
the second and third hypotheses tested whether upper or lower limbs and whether
articular or diaphyseal dimensions better predict body mass in the skeleton.
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CHAPTER 4
RESULTS
INTRODUCTION
Anthropological research has focused on body mass to help clarify many aspects
of biology, including activity within Australopithecus, early Homo, and prehistoric
peoples (McHenry, 1988; Jungers, 1988; Ruff et al., 1997; Ruff, 1999; Ruff et al., 2005;
Grine et al., 1995). Most studies have focused on constructing regression equations to
estimate body mass based on population or species averages; in contrast, this research
created a predictive model appropriate for individual estimation. This study focused on
the individual variation present in body mass and utilized multiple skeletal elements to
construct these predictions.
The entirety of the dataset included in this study was from a range of BMIs, from
emaciated to overweight and obese. Using individuals that were emaciated or
overweight/obese could influence the results of which skeletal dimensions would provide
the best estimates of mass. Emaciated individuals may have had a wasting disease that
caused them to lose weight faster than their skeleton could respond. Individuals that were
greatly overweight or obese may not be ambulatory, thereby affecting the stress placed on
their skeletons. In order to minimize error due to the inclusion of possibly sick or nonambulatory individuals, only people with normal BMI values were used in this study.
This study was not looking at the effects of body mass on the skeleton, but rather the
association or correlation of those variables with mass. As a result, it is possible that
these measures could be affected by body mass, which would require further studies to
elucidate, and in order to avoid this possible confounding factor these individuals were
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eliminated from the predictive modeling. All measurements used in modeling were from
individuals with a body mass index (BMI) within normal ranges (18 to 24.9). BMI is
more useful than body mass alone for statistical analyses since it accounts for variations
in height among individuals. Variation in body mass alone may give a false association
between groups within the whole data set due to individuals of differing heights with the
same weights, or same heights and differing weights. BMI gives the researcher a clearer
picture of an individual’s body mass relative to height.

MULTIPLE ELEMENT MODEL
SUBDIVIDING DATA SETS
In order to ascertain if sex, biological affinity, and temporal association were
significant factors in estimates of mass, descriptive statistics were compared. The data
was subdivided first by sex (since previous studies have found a significant effect with
sex) (Daneshvari and Pearson, 2004; Daneshvari, 2009), then by biological affinity and
lastly by temporal association (late 19th and early 20th century versus late 20th century and
early 21st century collections). Additionally, since the individuals in the sample have a
range of heights, BMI (weight (kg)/height2 (m2)) was compared in the descriptive
statistics, in order to equalize the weight for height in the sample.
When the sample was divided by sex, the mean BMIs were compared and
variances recorded, for each sex. The distributions appeared to be different (Figure 17),
therefore a t-test was performed to compare the means of the two groups (males n= 276,
females n=99) and determine if there was a significant difference between the two
groups’ means. The results, in Table 2, show that the means are significantly different,
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while a F-test shows that the variances are not significantly different (p-value=0.1905).
The significant difference in means indicate that the sample must be divided by sex. All
further tests were done on sex specific data.
Figure 17- Boxplot of the BMI Distribution by Sex

The maximum value is represented by the top line, with the 75th and 25th percentile being
the top and bottom of the blue box, respectively. The median is represented by the middle
line in the blue box and the mean is the diamond shape. The lowest value is the lowest
line on the graph.

Table 2- Mean and Variance of BMI by Sex, with P-values for t-test and F-test
Males

Females

Mean of BMI

21.56369

22.26239

Variance of BMI

3.2569

2.59634

T-test

P-value=0.0008

F-test

P-value=0.1905

Significant values are italicized
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Next the body mass index values were further divided by biological affinity
(American blacks or American whites), in order to determine if within each sex
biological affinity was a significant factor. For the male subgroup there were 159
American whites and 117 American blacks, and within the females there were 58
American whites and 41 American blacks. In each sex, there does not appear to be a
difference between the mean values or the variances of the biological affinities (Figure
18); this is tested using a t-test for means and a F-test for variance. The results, in Table
3, show that there is no difference in the group means or variances. Within females, there
is more variation within the American whites than the blacks. However, the variances are
not significantly different (p-value=0.1578). Therefore, the data set does not need to be
further subdivided by biological affinity.
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Figure 18- Boxplots of the Distribution by Sex and Biological Affinity

Male

Female

1=American white, 2=American Black
The maximum value is represented by the top line, with the 75th and 25th percentile being
the top and bottom of the blue box, respectively. The median is represented by the middle
line in the blue box and the mean is the diamond shape. The lowest value is the lowest
line on the graph.
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Table 3- Mean and Variance of BMI by Sex and Biological Affinity, with P-values
for t-test and F-test

Mean of BMI

Females:
American
black

Males:
American
white

Males:
American
black

Females:
American
white

21.619

21.487

22.142

22.433

3.264

3.265

3.036

1.983

Variance of
BMI
t-test

P-value= 0.5478

P-value = 0.3791

F-test
P-value=0.9913
Significant values are italicized

P-value=0.1578

The dataset was also divided by the period of the collection within each sex, late
19th century/early 20th century (―reference‖) and late 20th century/early 21st century
(―contemporary‖). For males, there are 78 contemporary individuals and 198 individuals
from reference collections, while there are 25 contemporary and 74 reference females.
The reference collections have a larger sample, as the collections are substantially larger.
Initial impressions of the spread of the data suggest that there is no difference between
the males, but a possible difference existing between females (Figure 19). The results of a
t-test in Table 4 demonstrate that there is not a significant difference in the means within
males. However, in females, the test shows a significant difference between the means of
the two time periods. There is more variation in the modern sample, possibly due to the
smaller sample of modern individuals. In order to test this, a Monte Carlo simulation was
performed, with 25 individuals randomly selected from the reference sample. The spread
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of the two subsets appears to be equivalent (Figure 20), therefore a t-test was performed
on the reference subsample and the contemporary sample (n=25). The results indicate
that there is no significant difference between the two time periods for females (Table 5).
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Figure 19- Boxplots of BMI distribution by Sex and Time Period

Male

Female

A=Modern, B=Reference
The maximum value is represented by the top line, with the 75th and 25th percentile being
the top and bottom of the blue box, respectively. The median is represented by the middle
line in the blue box and the mean is the diamond shape. The lowest value is the lowest
line on the graph.
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Table 4- Mean and Variance of BMI by Sex and Time Period, with P-values for ttest and F-test
Males:
Reference
Collections

Males:
Modern
Collections

Females:
Reference
Collections

Females:
Modern
Collections

Mean of BMI

21.535

21.635

22.509

21.532

Variance of BMI

3.3689

3.01

2.344

2.728825

t-test

P-value= 0.6791

P-value=0.0081

F-test

P-value=0.5711

P-value=0.6059

Significant values are italicized
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Figure 20- Boxplots of BMI Distribution for Females by Time Period, After
Montecarlo Sampling

Female

1=Modern, 2=Reference
The maximum value is represented by the top line, with the 75th and 25th percentile being
the top and bottom of the blue box, respectively. The median is represented by the middle
line in the blue box and the mean is the diamond shape. The lowest value is the lowest
line on the graph.
Table 5- Mean and Variance of BMI for Females, with P-values for t-test and F-test
Females:
Reference
Collections

Females:
Modern
Collections

Mean of BMI

22.445

21.532

Variance of BMI

2.472

2.729

t-test

P-value=0.051

F-test

P-value=0.8107

Significant values are italicized
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For all analyses henceforth, the data were subdivided by sex, but not by biological
affinity or time period of the collection. This demonstrates that sex is an important factor
in body mass estimation. This difference is to be expected given that males and females
differ in their femoral and knee angle (Hiernaux, 1985), which affects how weight is
distributed, and creates different stressors on the bones. According to Wolff’s Law
(Wolff, 1870), bones will adapt to the loads placed upon them. If the stress placed upon
the lower limbs is different between the sexes, the way that mass affects the bone will
differ, and even change the variables correlated with predicting mass. Furthermore,
differences due to allometry could be the cause of the male-female difference. Allometry
has been touted as a universal trait (Gould, 1975) and is a change in shape with an
increase in size, represented by y=bxa (where a and b are coefficients) (Lincoln et al.,
2001).
DATA
A stepwise multiple regression model was applied to the data for each sex to
predict mass from a pool of variables. Stepwise regression was chosen since it has the
ability to add and delete variables as needed. The independent variables considered
included most measurements taken. Variables were withheld from the model for two
reasons, either the sample size for that measurement was low or the correlations between
the variables were high (see Table 6 for list of included variables).
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Table 6- Variables Used in Study
Variables
Age
Femur, Maximum length
Femur, Maximum head diameter
Femur, Subtrochanteric dimension, Anterio-posterior
Femur, Subtrochanteric dimension, Medio-lateral
Femur, Midshaft, Anterio-posterior
Femur, Midshaft, Medio-lateral
Femur, Bicondylar breadth
Tibia, Midshaft, Maximum diameter
Tibia, Midshaft, Minimum Diameter
Humerus, Maximum Length
Humerus, Maximum head diameter
Humerus, Midshaft, Maximum diameter
Humerus, Midshaft, Minimum diameter
Humerus, Epicondylar breadth
Bi-iliac breadth

Two variables are eliminated from the pool due to lack of sufficient data,
maximum and minimum tibial plateau. Tibial plateau measurements are difficult to
record due to damage, usually from contact with other bones or the storage box. Of the
276 males studied, only 106 have a measurable maximum dimension of the tibial plateau.
Only 37 of the 99 females have a sufficiently complete tibial plateau. Minimum
measurements of the tibial plateau are present slightly more often, as 207 males are
measurable and 71 of the 99 females. As a result, both dimensions of the tibial plateau are
removed from the analysis.
Additional measurements are withheld from the analysis due to high levels of
correlation. They are removed to avoid complications from multicollinearity, which can
cloud the issue of which measurements actually contribute to the model (Neter et al.,
1996). These variables include all of the ulnar and radial measurements, and tibial length
with and without the malleolus.
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Femoral length is highly correlated with tibial length in males (r=0.89) and to a
lesser degree in females (r=0.67). As a result, tibial length is eliminated, rather than
femoral length from the model since previous studies have focused on body mass
correlating with femoral dimensions (Daneshvari and Pearson, 2004; Daneshvari, 2009).
In both males and females all radial and ulnar dimensions are highly correlated with
humeral measurements (max r=0.89 in males, max r=0.75 in females). Since humeral
dimensions have been used in previous studies of body mass estimation (Ruff, 2000c), all
radial and ulnar dimensions are eliminated from the model due to multicollinearity.
MULTIPLE ELEMENT MODEL - EQUATION
The variables remaining in the pool include femoral, tibial, and humeral
dimensions, age and bi-iliac breadth. Stepwise regression was run for males and females
separately; 221 males and 83 females are used to create the respective equations. The
results for males and females indicate that long bone length, articular, and diaphyseal
dimensions are all important in predicting body mass. For females, age emerges as a
significant variable (in which the age categories are young, middle or old adult). The
regression was rerun for females without age as a variable in order to ascertain if the
model would be as robust without age. This was done in order to allow easier use of the
method for bioarchaeological or forensic cases in which age cannot be determined
precisely. The R2 for the model decreased insignificantly; the other variables are selected
again. The R2 and standard estimated error (SEE) are listed in Table 7. The full
regression equations, for males and females (with and without age as a predictor) are
listed in Table 8.
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Table 7- Error and Variation explained of the Multiple Element Model using the
Full Dataset
Model

Number of
individuals

R2

SEE

Males

221

0.2772

10.66 kg

FemalesWith Age

83

0.409

12.68279 kg

83

0.3686

12.32 kg

FemalesWithout Age

Table 8- Multiple Element Model using Full Dataset
Sex
Males

Equation
BM= -18.392 + (0.11776*flen) + (0.33836*tmidmax) +
(0.36622*hhead)

Females- With
Age

BM= -1.4513 + (-1.45*age) + (0.0485*flen) + (0.748*fhead) +

FemalesWithout Age

BM=0.5198 + (0.4796*flen) + (0.6899*fhead) + (0.9544*fmidml) +

(1.032*fmidml ) + (-0.267*hepi)

(-0.2793*hepi)
BM=body mass (kg), flen= femur length, tmidmax= tibia midshaft maximum, hhead=
humeral head, fhead= femoral head, fmidml= femur midhsaft mediolateral, hepi=humeral
epicondylar width, age=young, middle or old adult

Since there is no significant difference between the female models with and
without age as a variable, the model without age is selected for further analyses in order
to facilitate estimating body mass when age is unknown.
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ROBUSTICITY OF MULTIPLE ELEMENT MODEL
To test the robusticity of the selected elements in each model, 25 individuals,
selected at random, were eliminated from each sample and the robust dataset, divided by
sex, were rerun. When the regression equations were recalculated with the robust dataset,
the results indicate that the variables chosen are robust with regard to which variables
combine to best predict mass.
For males, two of the three variables are re-chosen, with similar weights: femoral
length and tibia midshaft maximum dimension. The third variable in the full dataset male
model is humeral head, an articular dimension, whereas in the model with the robust
dataset, the third variable is the femoral bicondylar width measurement, which is also an
articular dimension. Although the two models do not match perfectly, the humeral head
and femoral bicondylar breadth are both articular dimensions. It appears that either
method is appropriate, since an articular dimension is chosen in combination with a
length and diaphyseal measurement, as seen in the male original model and the female
robust dataset and original model. Furthermore, previous studies show that humeral head
and, separately, femoral bicondylar breadth are useful in predicting body mass (Ruff,
2000b; Daneshvari et al., 2006). In addition, the standard error and R2 for the full model
is 10.66 kg and 0.2772, while for the model with the robust dataset, the error is 11.62 kg
and the R2 is 0.2837. Therefore, the two models appear to be equivalent, and are not
significantly different, even though one model includes femoral bicondylar breadth
instead of humeral head dimensions (see Table 9). The predictive values for each of the
models were compared. The results of the predictive values will be discussed further
below; however, a t-test was conducted on the robust dataset male predictive masses and
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compared to the actual values. The p-value for the test of whether the means of the
predicted versus the actual mass are significantly different is 0.72 (not significant). Since
archaeological samples are more fragmentary than modern documented collections,
having two equivalent equations is an added benefit for the application of this method.
The equations were tested on the Georgia coast archaeological sample using both
equations to estimate mass (see Table 9) and there is no significant difference found
between the two predictive values for each male in the sample selected. For all further
analyses the model derived from the robust dataset is used; however, either equation will
predict equivalent estimates of body masses.

Table 9-Predicted BMI values for Georgia Coast Males with Both Bicondylar
Breadth and Humeral Head Dimensions
BMI values for Males using the
multiple element model with
bicondylar breadth

BMI values for Males using the
multiple element model with
humeral head dimension

21.45
18.44
20.99
20.83
20.52
19.64
21.11
t-test
Significant values are italicized

18.41
16.08
21.88
22.69
21.74
21.57
22.91
p-value= 0.757

For females, the four most important variables chosen for the model are identical
in the full model and the model with the robust dataset. Furthermore, the weights of the
variables are very similar (see Table 10). The SEE and R2 values also remain similar,
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with the full model producing a SEE of 12.32 kg and R2=0.418, and the robust dataset
model having a SEE of 14.47 kg and R2=0.418 kg. With the same four parameters chosen
in the final model, it is especially obvious that the variables selected by the model are
robust regardless of which individuals are included in the sample.
Table 10- Robust Multiple Element Model Equations
Model

R2

SEE
(kg)

BM= -24.18374 + (0.11255*flen) + (0.28680*fbicon) +
0.2837 11.62
(0.38347*tmidmax)
BM= -3.81498 + (0.06210*flen) + (0.82521*fhead) +
0.4180 14.47
Females
(0.86732*fmidml) – (0.37156*hepi)
BM=body mass (kg), flen= femur length, tmidmax= tibia midshaft maximum, hhead=
humeral head, fhead= femoral head, fmidml= femur midhsaft mediolateral, hepi=humeral
epicondylar width
Males

The results from eliminating 25 individuals in both the males and female
groupings demonstrated that the results are robust in regards to the variables selected by
the model. Although one of the variables in the male equation changed, it remains an
articular dimension and one that is correlated strongly with body mass previously
(Daneshvari et al., 2007). Furthermore, the predictive errors are not statistically
significant for the two models for males. This is an advantage as it provides two
equivalent models for estimating body mass in males, which is useful in circumstances in
which either the humeral head or bicondylar region of the femur is not present. For
brevity, the remainder of the analyses will be reported using the robust dataset male
model (with bicondylar breadth as the articular dimension). However, the results are
calculated on both versions of the model and are not significantly different (pvalue=0.757 for BMI values, and 0.737 for actual mass value).
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PREDICTIVE ERROR
Predictive error (observed- estimated body mass) is the most useful way of
determining the fit of the model and comparing models as it calculates how far the
prediction is from the actual weight of the individual. Since predictive error is only truly
telling when it is based on a subsample of data that is not used when creating the
regression equation, the predictive errors utilize the equations based on the robust dataset
sample and predict the masses of the 25 individuals, of each sex, that were removed.
Following Ruff and colleagues (1991) and Smith (1984), the predictive
error, percent predictive error, observed/predicted value, log residual (log observed- log
predicted), and log residual/standard deviation of the residuals were calculated for both
males and females (see Table 11). Predictive error indicates how far the estimated point
was from the actual point. Observed/ predicted weight gives a ratio that is similar to the
encephalization quotient (Smith 1984). The value of the ratio can never be negative and
the closer it is to one the more similar the two values. The percent predictive error is
defined as (observed-predicted)/ predicted *100 (Smith, 1984; Ruff et al., 1991). The
percentage is related to the predictive error and the ratio of observed to predicted, as they
all three lead to ratios of difference between the actual and predicted values (Smith,
1984). The log residual, (log observed –log predicted), converge on zero when the two
values are identical, and as the three previous values, are an indicator of the proportion
between observed and predicted. A value outside of the -1.0 and 1.0 range is a value
where the predicted body mass is more than ten times smaller or larger than the actual
weight (Smith, 1984). The last measure, the log of the residual divided by the standard
deviation of the residuals, indicates if the deviation is ―uncommon‖ in relation to all of
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the other points (Smith, 1984). In other words, it indicates how close, or tight, points are
to the regression line, which Smith (1980, 1981) argues is more accurate than using the
R2 value. If the observed values are larger than the predicted, the value would be
positive, while those smaller would be negative. Assuming normality, ―68% of the
standardized residuals would have values between +1.0 and -1.0 and 95% between +2.0
and -2.0‖ (Smith 1984).

Table 11- Predictive Values for the Multiple Element Model

median

male

65.04 kg

0.80 kg

1.20 %

0.988

Log
residual
-0.0052

mean

male

64.66 kg

0.74 kg

1.21 %

0.988

-0.0075

-0.0001

median

female

59.78 kg

-2.02 kg

-3.34 %

0.967

-0.0148

-0.0037

mean

female

59.62 kg

-2.21 kg

-3.67 %

0.963

-0.0173

-0.0043

Estimate

PE

% PE

Obs/pred

Std Log
residual
-0.0007

When predictive errors are negative, they indicate that the estimated body mass is
overestimated; when the error is positive, the mass is underestimated. For the males in the
multiple element model the predictive error ranged from -14.7 to 13.4 kg, with a mean of
0.798 kg and a median of 0.743 kg. The females have a range of -11.63 to 4.88 kg, with a
mean of -2.21 kg and a median of -2.02 kg. The average percent of predictive error for
males is an underestimation of 1.20%, and an overestimation of 3.67% for females. The
range of percent predictive error for males is -22% to 20%, with only eight out of the
total of 25 having over 10% error. For females, the range is from -20% to 8.6%, with
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only five of the 25 having over 10% error. This means that 32% of the male and 20% of
the female sample will have an estimate (over or under) that was greater than 10% of the
observed value.
The mean and median values of the observed divided by predicted values, should
be close to one for well-predicted values (Smith, 1984). In both males and females, the
values are very close to one. For males the range is from 0.794 to 1.23, while it is 0.796
to 1.086 for females.
The log residual, the difference between the log observed and log predicted, is an
indication of the proportional fit of the model (Smith 1984). Any log residuals outside of
the +1.0 to -1.0 range is considered unusual, as they were over 10 times larger or smaller
than the actual weight (Smith, 1984). For males, the range of the log residual is -0.1 to
0.09, and -0.099 to 0.06 for females. There are no values that were outside the usual
range of predictive value.
Lastly, the log residual divided by the standard deviation of the residuals, or the
standardized log residual, is different from the previous three values that indicate ―how
the observed value compares in proportion to the predicted value‖ (Smith, 1984: 134).
The standardized log residual indicates if the deviation present is large or small relative to
all other points (Smith, 1984), reporting values range from -0.02 to 0.012 for males, and
from -0.025 to 0.009 for females. All values, therefore, are within the 68% of values
within -1 and +1 values; furthermore, they are all extremely close to zero. Therefore,
there are no unusually small or large deviations relative to the other points in the data set.
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OTHER METHODS-ANALYSIS
In order to ascertain if the multiple element model was significantly more
accurate and reliable than currently used models, all methods must be compared. This
requires not only comparing the method to the specific model currently used by
researchers but also to the elements, using a best fit equation, from those models. In order
to ascertain the best fit equation, a regression model was determined from the collected
data for this dissertation. These models were then compared to the multiple element
model for predictive error, model fit and standard error.
Three body mass estimation models are often used by researchers in physical
anthropology. These use metric (articular and diaphyseal measurements) and
morphometric models, but only contain one or two skeletal dimensions to capture the
variation in how body mass is reflected in the skeleton.
MORPHOMETRIC APPROACH
One of the most frequently used methods is the morphometric method, as it
attempts to capture the shape of the human body rather than utilizing specific dimensions
of any bone. This method, popularized and refined by Christopher Ruff (1991, 1994, Ruff
et al., 1997, 2005), sought to reconstruct the size of the individual and therefore
determine body mass (Ruff, 2002).
Ruff’s method was compared to the multiple element model in two ways. First, a
new morphometric model was created, and a regression equation was selected utilizing
bi-iliac breadth and femoral length with the current dataset. Second, the original
(although updated) method, created by Ruff and colleagues (2005) was used to predict
body mass for the robust dataset. This was done in order to test the differences caused by
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the reference samples used, as well as whether the sample from which they were drawn
were living or dead made any difference.
A new regression equation was created using femoral length and bi-iliac breadth
from the current dataset; 253 males and 73 females are included in the analysis (the
robust dataset from each sex used to test predictive errors). The resulting R2 values are
0.2640 and 0.2258 for males and females, respectively. Furthermore, the standard errors
are 9.08217 kg and 12.1084 kg for males and females, respectively. The resulting
equations are listed in Table 12 below. These equations use femoral length as a proxy for
stature and articulated bi-iliac breadth rather than living bi-iliac breadth.

Table 12- New Morphometric Model Equation
Sex

Equation

Males

BM (kg) = -9.05837 + (0.13752*flen) + (0.03646*BIB)

Females

BM (kg) = 13.59698+ (0.1131*flen) + (-0.01167*BIB)

BM= Body mass (kg); flen= Maximum femoral length; BIB= Bi-iliac breadth (not living,
but articulated)

Predictive errors were calculated using the robust dataset. The predictive error for
the male equation ranges from underestimating by 14.35 kg to overestimating by 13.41
kg, spanning -20.6% to 22.01% error. For females the equation overestimates up to
10.38 kg and underestimates up to 3.41 kg, incorporating -18.15% to 5.89% error. The
results indicate the overall equation works better for females than males or, rather, the
fitted line is more like the actual weights for females than males.
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The mean and median values for all five indicators of model fit (predictive error,
% PE, observed/predicted, log residual and standardized log residual) are listed in Table
13 below. The overall results indicate that the model tends to underestimate the mass of
males and overestimate that of females. This result is duplicated in the ratio of observed
to predicted values and the log residual. The standardized log residual, which determines
if the deviation of the residuals is large or small compared to other points (Smith, 1984),
have values ranging from -0.014 to 0.012 for males and -0.021 to 0.006 for females;
therefore, all values are within normal ranges when compared to each other.

Table 13- Predictive Errors for New Morphometric Model
Sex
Malesmedian
MalesMean
Femalesmedian
Femalesmean

Estimate

PE

%PE

Obs/pred

Log
residual

Std log
residual

65.21 kg

-0.22 kg

-0.33 %

0.997

-0.0015

-0.0002

65.69 kg

0.09 kg

0.05 %

1.00

-0.0022

-0.003

60.13 kg

-1.64 kg

-2.72 %

0.97

-0.012

-0.003

59.78 kg

-2.39 kg

-3.96 %

0.96

-0.019

-0.004

The equation determined by Ruff (1994; Ruff et al., 1997, 2005) was created from
measurements taken on living individuals from all over the world. These populations
were then used to create a regression equation for estimating the population mean in body
mass. The original equation was created from 56 populations, with current additions
increasing this value (Ruff, 1994; Ruff et al., 2005). Bi-iliac breadths are converted for
this model into living bi-iliac breadth, as specified by Ruff and colleagues (1997). This
results in an equation for males and females (see Table 14) with correlation values (r) of
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0.913 and 0.819, respectively. The standard error is reported as being 3.7 kg and 4.0 kg
for males and females, respectively.

Table 14- Ruff and Colleagues’ (2005) Morphometric Model for Body Mass
Sex

Equation

Males

BM (kg)= (0.422*Stature) + (3.126*Living BIB) – 92.9

Females

BM (kg)= (0.504*Stature) + (1.804*Living BIB) -72.6

Living BIB=1.17*skeletal BIB -3 (Ruff et al., 1997)

Predictive error and associated results (see Table 15) were run on the robust
dataset. All equations were testing the predictive error on the same 25 individuals not
used to create the new models. For males the predictive error overestimates up to 6.76 kg,
and underestimates up to 17.1 kg, with percentage errors spanning from -11.5% to 35%,
with 10 out of 25 having errors greater than 10%. Female errors include -12.8% to 20.4%
error, with predictive errors ranging from an overestimation of 8.54 kg to underestimation
of 9.87 kg; 14 out of 25 female estimates have greater than 10% error. Overall, 48% of
individual estimate masses had an error greater than 10%.
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Table 15- Ruff and Colleagues’ (2005) Morphometric Model Predictive Errors
Sex
Malesmedian
MalesMean
Femalesmedian
Femalesmean

Estimate

PE

%PE

Obs/pred

Log
residual

Std log
residual

58.29 kg

3.98 kg

6.46 %

1.06

0.027

0.004

60.11 kg

4.29 kg

7.53 %

1.08

0.029

0.005

53.32 kg

3.81 kg

6.80 %

0.94

0.029

0.005

54.72 kg

2.67 kg

5.45 %

0.96

0.021

0.003

The overall results of both equations using stature and bi-iliac breadth indicated
that the morphometric method works better for females than males. Furthermore,
predictive errors of the sample are inflated when compared to the predictive error from
the model created using the current data.
There are benefits and drawbacks to this morphometric approach. The benefit to
utilizing a morphometric approach is that the other forces that affect or are correlated
with the bones will not confound the resulting estimate of body mass. There are
drawbacks, however, to only capturing basic body shape. Primarily, both of the elements
in the model do not alter with increased or decreased body mass (Ruff, 1994). When one
loses or gains weight, only adipose tissue is added or removed from the hip region, the biiliac breadth is not affected (Ruff, 1994), similarly, one’s femoral length does not alter
after adulthood has been reached. Therefore, this model has the ability to estimate
average body mass when health and nutrition is at an optimal level, and estimates apply
best to the mean body mass of the population rather than the individual.
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METRIC APPROACHES
Metric approaches to estimating body mass make use of correlations between
bony dimensions and body mass. The two methods discussed below involve both
articular dimensions and diaphyseal dimensions. These two specific methods were
chosen as they are used frequently in anthropology and are examples of both joint and
shaft dimensions that correlate with body mass.
As with the morphometric approach, the metric approaches were studied in two
ways. First a new sex specific equation was created from the robust dataset, using the
dimensions specified in each model. Secondly, the original sex combined (males and
females were not differentiated) methods (Grine et al., 1995, McHenry, 1988) were
studied and predictive errors were calculated.
FEMORAL HEAD DIMENSIONS
A new regression equation was calculated using femoral head dimensions, like the
equation created by Grine and colleagues (1995). The robust dataset, with 25 males and
25 females removed, comprised 244 males and 68 females, which were used to model the
body mass equation. Since the current study finds that males and females should have
separate body mass equations, the created models using femoral head dimensions are sexspecific, even though the original study gave a combined-sex equation (Grine et al.,
1995). The resulting equations (see Table 16) have R2 values of 0.1036 and 0.2272 for
males and females, respectively. The standard error for the two equations is 9.29937 kg
(males) and 11.05909 kg (females).
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Table 16- New Femoral Head Equation
Sex

Equation

Males

BM(kg) = 17.89655 + (0.99317*fhead)

Females

BM(kg) = 12.22769 + (1.10956*fhead)

BM=body mass (kg), fhead=femoral head diameter

Predictive errors were calculated using the 25 males and 25 females removed
from the original data set before regression formulae were derived. For males, the
equation ranges from an overestimation of 16.09 kg to an underestimation of 15.83 kg.
For females the range of error is less, with an overestimation of 11.07 kg and an
underestimation of 5.33 kg. The percentage error ranges from -23.69% to 24.86% in
males and -19.398% to 9.46% in females. The observed / predicted ratio for males ranges
from 0.76 to 1.24, while it ranges from 0.81 to 1.09 for females. Again, this shows that
the female equation produces body mass estimates more similar to the actual values than
the male equations. Log residuals support this finding as well. Values greater than -1.0 or
1.0 are greater than ten times more different than the actual weight. Male values range
from -0.12 to 0.096, well below the 1/-1 cut off. Similarly, females range from -0.094 to
0.039, far below the threshold. The studentized log residual is very small for males and
females, indicating that no one point is drastically out of proportion with the other
estimates (males range from -0.0138 to 0.011 and females from -0.024 to 0.0099). The
medians and means of the predictive estimates and evaluation are listed in Table 17.

109

Table 17-Predictive Errors for New Femoral Head Model

1.02

Log
residual
0.0072

Std log
residual
0.0009

1.49 %

1.01

0.003

0.0004

-0.33 %

0.997

-0.002

-0.0004

-1.15 kg -1.95 %

0.98

-0.01

-0.0024

Sex

Estimate

PE

%PE

Obs/pred

Malesmedian
MalesMean

65.30 kg

1.13 kg

1.69 %

65.36 kg

0.97 kg

Femalesmedian
Femalesmean

58.37 kg

-0.20 kg

58.68 kg

Grine and colleagues (1995) created a combined sex equation from 10 sex
specific sample means. The resulting combined sex equation is given in Table 18 below.
The sample was comprised of large bodied African Americans, European Americans and
Native Americans (Grine et al., 1995). The researchers find the correlation (r) between
body mass and femoral head diameter to be 0.92 (R2= 0.8464), with a standard error of
4.3 kg. Furthermore, the researchers find a predictive error of about five percent (Grine et
al., 1995).

Table 18-Grine and Colleagues’ (1995) Femoral Head Model
Sex

Equation

Combined Sex

BM (kg)= (2.268*fhead) -36.5

BM= body mass (kg), fhead=femoral head diameter

Predictive errors were calculated on the 25 males and 25 females that were
removed from the original sample. The mean and median values of the five indicators of
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model fit, as well as the estimate of body mass, are listed below in Table 19. The
predictive error for males ranges from an overestimation of 19.93 kg to an
underestimation of 9.27 kg. For females the range is less varied, with overestimation up
to 9.99 kg and underestimation up to 7.98 kg. This results in a range of percent predictive
error of -33.43% to 14.03% for males and -17.596% to 14.85% for females. The range for
females, however, is skewed by two individuals who may be extreme outliers. Without
them the range decreases to -8.6% to 12.79%. For males’ body mass estimates, 11 out of
25 (44%) have an error greater than 10%, while only four out of 25 (16%) for females
have estimates this divergent. Overall, the predicted mass errors are greater than 10
percent 30% of the time.
As with the model created from the robust dataset, females fit the model more
closely than males. This suggests that perhaps femoral head diameter is a more applicable
and appropriate estimator in females than in males, and therefore, should be used more
cautiously in male body mass estimation models.

Table 19- Predictive Error for Grine and Colleagues’ (1995) Femoral Head Model

1.04

Log
residual
-1.17

Std log
residual
-0.15

-6.26 %

1.06

-1.19

-0.15

-0.49 kg

-0.86 %

0.99

-0.004

-0.0009

-0.91 kg

-1.37 %

0.99

-0.007

-0.002

Sex

Estimate

PE

%PE

Obs/pred

Malesmedian
MalesMean

60.66 kg

-2.52 kg

-4.47 %

60.79 kg

-3.61 kg

Femalesmedian

57.83 kg

Femalesmean

58.44 kg
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The results from both analyses of femoral head diameter indicate that the
dimension is more appropriately used on females than males. Furthermore, the predictive
errors are greatly decreased in the female sample, with a median and mean percentage
predictive error that only very slightly overestimates female weight. It should be noted
that for males and females, this method (both the equation derived from the robust dataset
and the equation derived by Grine and colleagues (1995)) on average overestimates
weight, as all predictive error means and medians were negative.
SUBTROCHANTERIC DIMENSIONS
Regression equations were calculated using the subtrochanteric area variable
utilized by McHenry (1988). 242 males and 73 females (from the robust dataset lacking
25 males and 25 females for predictive error testing) comprised the sample from which
the regression line was calculated. The resulting equations (see Table 20) created are sex
specific, even though the original method by McHenry (1988) is of a combined sex. The
creation of sex specific equations are done since the present study finds that males and
females are significantly different in the effects of body mass on their skeletons and
therefore have differing predictive equations. The sex-specific subtrochanteric dimension
equations have R2 values of 0.0697 for males and 0.0482 for females, with standard
errors of 4.09 kg and 5.129 kg, respectively.
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Table 20- New Subtrochanteric Dimension Model
Sex

Equation

Males

BM(kg) = 48.62814 + (0.01882*sub)

Females

BM(kg) = 50.1954 +(0.0134*sub)

BM=body mass (kg), Sub= (subtrochanteric ML) * (subtrochanteric AP)

Predictive errors were calculated on the 25 males and 25 females removed from
the original sample. For males, the predictive equation estimates range from an
underestimation of 14.71 kg to an overestimation of 12.21 kg. For females the range was
slightly more compact, with an overestimation of 14.5 kg to an underestimation of 2.89
kg. The percentage of predictive error for males is distributed between -18.41% and
22.68%, and from -24.19% to 4.95% for females. The ratio of observed to predicted for
both males and females have means above 0.95, indicating a close relationship between
the observed and predicted. The ratio ranged from 0.816 to 1.23 for males and 0.758 to
1.049 for females. This indicated that although the mean values of the ratio are higher for
males (see Table 21), the spread of the values was larger. The log residuals for males
spread from -0.088 to 0.089, while females have a range of -0.12 to 0.021. The
studentized log residual, which indicates if a value is extreme in relation to other values,
shows that all values are within normal ranges. For males the studentized log residual
ranges from -0.011 to 0.11 for males and -0.028 to 0.0049 for females.
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Table 21-Predictive Errors for the New Subtrochanteric Model
Sex
Malesmedian
MalesMean
Femalesmedian
Femalesmean

Estimate

PE

%PE

Obs/pred

Log
residual

Std log
residual

65.29 kg

-0.39 kg

-0.60 %

0.99

-0.003

-0.0003

65.70 kg

0.08 kg

0.04 %

1.00

-0.003

-0.0003

59.51 kg

-1.61 kg

-2.71 %

0.97

-0.012

-0.003

59.53 kg

-2.32 kg -3.89 %

0.96

-0.018

-0.004

McHenry (1988) created a single sex equation from 15 African American males
and females housed in the Terry Collection. Furthermore, a log-log transformation was
utilized, requiring two additional transformations (see Table 22). McHenry finds the
correlation between body mass and the subtrochanteric area to be 0.67, with an R2 value
that is 0.4489 and has no reported standard error. McHenry (1988) reports that the low
correlation, when compared to a hominoid based model, is due to the small amount of
sexual dimorphism in modern humans when compared to earlier Homo.

Table 22- McHenry’s (1988) Subtrochanteric Model
Sex

Equation

Combined Sex

Log BM=0.624*log femur – 0.0562

BM (kg) = 10^log BM

Predictive errors were calculated using McHenry’s equation (Table 22), on the 25
males and 25 females withheld from the original sample. The means and medians of the
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five indicators of model fit and estimates are listed below in Table 23. The predictive
error for males ranges from an underestimation of 25.88 kg to an overestimation of 11.44
kg. For females, the span of predictive error is much smaller, from an overestimation of
8.23 kg to an underestimation of 12.94 kg. This results in a predictive error percentage
that covers -16.799% to 33.32% for males and -15.33% to 26.73% for females. For
females 16 out of 25 (64%) and 12 out of 25 males (48%) have estimated mass errors
greater than 10%, for an overall error above 10% at 56%. The log residual and
standardized log values for both males and females indicate that there are no values
outside of a normal range, or any values that are extreme when compared to other
predictive values. Although the predictive errors for females had a smaller range of
values for the model fitting indicators, the male median and mean values have a better fit
for the males.

Table 23- Predictive Errors for McHenry’s (1988) Subtrochanteric Model

0.92

Log
residual
-0.036

Std log
residual
-0.0039

8.23 %

0.92

-0.041

-0.0045

5.944 kg

11.51 %

0.897

0.047

0.0102

5.045 kg

9.86 %

0.917

0.039

0.0085

Sex

Estimate

PE

%PE

Obs/pred

Malesmedian
MalesMean

71.75 kg

5.81 kg

7.93 %

71.22 kg

6.16 kg

Femalesmedian
Femalesmean

52.15 kg
52.16 kg

Most likely due to the small sample size utilized in the original study (30
individuals) (McHenry, 1988), the model created with the robust dataset predicts values
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more precisely. The model utilizing current data also slightly overestimates body mass
values, whereas the original equation underestimates values. Furthermore the ratio of
observed to predictive values using the current dataset are on average very close to the
ideal value of 1.00 (complete agreement). The values for the original equation are much
closer to 0.90, indicating again an underestimation of predictive values.
SINGLE ELEMENT MODELS
In some cases it is not possible to utilize any of the methods reviewed here,
because of the elements required are not preserved or present. It was, therefore, important
to have body mass estimation models using each measurement recorded in this study.
Additionally, for some remains it is not possible to estimate sex from the bones present,
making a pooled sex equation for each measurement also useful.
Regression equations were created for males, females and pooled sex on the total
sample. The number of females and males varied, depending on which measurements
were possible to record from each of the documented skeletons. The following tables
report the equations for males, females and pooled sex by each measurement utilized in
this research based on inverse calibration regression. Standard errors and R2 values were
also reported in the three tables below (Table 24, 25 and 26). For single element classical
calibration equations for males and females see Appendix A and Appendix C for graphs
of equations and fit diagnostics.
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Table 24- Single Element Models for Males
Measurement
Femur length
Femur head
Femur Sub AP
femur Sub ML
Femur Mid AP
Femur Mid ML
Femur
Bicondylar
Tibia length
Tibia length- no
malleolus
Tibia Mid Max
Tibia Mid Min
Tibia Plat Max
Tibia Plat Min
Humerus length
Humerus head
Humerus Mid
Max
Humerus Mid
Min
Humerus
Epicond
Radius length
Radius Mid
Max
Radius Mid Min
Ulna length
Ulna length -no
stylus
Ulna Mid Max
Ulna Mid Min
Bi-iliac breadth
Clavicle length
Scapula
Breadth
Scapula Height

Equation
-1.20656+0.14199*X
23.49884+0.87856*X
40.46755+0.89507*X
53.74281+0.38043*X
40.90976+0.82848*X
53.05856+0.43415*X

SEE
6.86 kg
8.99 kg
6.5 kg
5.58 kg
5.98 kg
6.16 kg

R2
0.2605
0.0808
0.0583
0.0188
0.0653
0.017

12.49648+0.62699*X

9.83 kg

0.1023

5.77696+0.15457*X

6.03 kg

0.2743

6.92676+0.1551*X

6.11 kg

0.2605

34.36732+0.99082*X
46.65278+0.85255*X
50.29025+0.21521*X
20.97449+0.80337*X
1.99251+0.18971*X
16.85925+1.01231*X

6.83 kg
5.64 kg
11.32 kg
10.34 kg
7.16 kg
8.91 kg

0.0799
0.0465
0.0214
0.0872
0.2269
0.1125

51.48194+0.59993*X

6.34 kg

0.0204

50.04271+0.81919*X

5.43 kg

0.034

35.53235+0.45355*X

9.14 kg

0.0379

7.43888+0.22802*X

6.63 kg

0.2233

59.24592+0.40055*X

5.64 kg

0.0058

49.52793+1.30202*X
8.19446+0.21012*X

6.25 kg
7.03 kg

0.0286
0.201

6.16419+0.22032*X

6.95 kg

0.2152

60.41756+0.30703*X
55.74059+0.7545*X
50.95194+0.0556*X
19.21032+0.29677*X

6.07 kg
5.65 kg
6.91 kg
8.65 kg

0.0034
0.0137
0.0173
0.107

25.38813+0.3681*X

8.26 kg

0.085

25.8351+0.24589*X

8.84 kg

0.0891
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Table 25- Single Element Models for Females
Measurement
Femur length
Femur head
Femur Sub AP
femur Sub ML
Femur Mid AP
Femur Mid ML
Femur
Bicondylar
Tibia length
Tibia length –no
malleolus
Tibia Mid Max
Tibia Mid Min
Tibia Plat Max
Tibia Plat Min
Humerus length
Humerus head
Humerus Mid
Max
Humerus Mid
Min
Humerus
Epicond
Radius length
Radius Mid
Max
Radius Mid Min
Ulna length
Ulna length –no
stylus
Ulna Mid Max
Ulna Mid Min
Bi-iliac breadth
Clavicle length
Scapula
Breadth
Scapula Height

Equation
12.4715+0.1831*X
15.44624+1.03894*X
55.26373+0.17714*X
37.88139+0.78092*X
46.07503+0.50865*X
37.75656+0.84783*X

SEE
10.03 kg
9.92 kg
7.73 kg
6.75 kg
7.89 kg
7.01 kg

R2
0.1876
0.1853
0.0039
0.1059
0.0329
0.0977

23.35489+0.48342*X

12.28 kg

0.0886

34.49183+0.0707*X

8.25 kg

0.09

33.14568+0.0763*X

8.07 kg

0.1029

58.70003+0.04075*X
43.55963+0.81111*X
20.45722+0.56304*X
27.2257+0.66535*X
15.63375+0.14368*X
26.99559+0.77599*X

7.92 kg
7.81 kg
22.13 kg
15.41 kg
9.99 kg
9.97 kg

0.0002
0.048
0.0852
0.0635
0.1689
0.1101

46.06245+0.66635*X

6.92 kg

0.0429

45.0766+0.91338*X

5.96 kg

0.0672

45.48085+0.25412*X

10.32 kg

0.0208

32.88918+0.1169*X

9.32 kg

0.0817

44.43967+1.07383*X

5.62 kg

0.0834

43.62593+1.5768*X
32.63054+0.11041*X

7.73 kg
9.41 kg

0.0529
0.0826

32.40984+0.11225*X

9.57 kg

0.0798

46.47169+0.86985*X
45.84126+1.29242*X
48.36715+0.04309*X
53.78875+0.04387*X

6.32 kg
5.98 kg
7.63 kg
10.03 kg

0.0498
0.0633
0.0229
0.0043

17.51277+0.44028*X

10.78 kg

0.1472

49.93225+0.07059*X

10.27 kg

0.0114
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Table 26- Single Element Models for Pooled Sex
Measurement
Femur length
Femur head
Femur Sub AP
femur Sub ML
Femur Mid AP
Femur Mid ML
Femur
Bicondylar
Tibia length
Tibia length-no
malleolus
Tibia Mid Max
Tibia Mid Min
Tibia Plat Max
Tibia Plat Min
Humerus length
Humerus head
Humerus Mid
Max
Humerus Mid
Min
Humerus
Epicond
Radius length
Radius Mid
Max
Radius Mid Min
Ulna length
Ulna length - no
stylus
Ulna Mid Max
Ulna Mid Min
Bi-iliac breadth
Clavicle length
Scapula
Breadth
Scapula Height

Equation
-3.11024 + 0.14551*X
17.30125 + 1.00389*X
33.03488+ 1.12913*X
39.7825+ 0.79139*X
32.41813+1.08721*X
38.13026+ 0.91555*X

SEE
4.9 kg
4.937 kg
4.42 kg
3.83 kg
4.25 Kg
4.16 kg

R2
0.3386
0.2095
0.1243
0.1074
0.1419
0.1043

13.71055+0.61236*X

5.27 kg

0.2078

6.87288+0.15076*X

4.39 kg

0.3226

7.61651+0.1523*X

4.38 kg

0.317

31.53648+1.06597*X
36.26253+1.27786*X
28.83647+0.47857*X
19.12719+0.835*X
1.72958+0.1901*X
18.2637+0.98284*X

4.129 kg
4 kg
8.08 kg
5.84 kg
4.8 kg
4.65 kg

0.158
0.1302
0.129
0.1844
0.3145
0.2291

38.60249+1.10904*X

3.82 kg

0.1176

40.37012+1.28849*X

3.27 kg

0.1396

27.26533+0.59135*X

4.78 kg

0.1444

10.24713+0.21661*X

4.39 kg

0.2927

44.16866+1.25421*X

3.64 kg

0.0863

39.8976+2.03787*X
10.18246+0.2024*X

3.45 kg
4.6 kg

0.1384
0.2758

8.79511+0.21015*X

4.57 kg

0.2868

43.63507+1.19226*X
43.90902+1.592*X
45.37309+0.07049*X
20.2081+0.28868*X

3.7 kg
3.08 kg
5.74 kg
5.22 kg

0.0869
0.1224
0.0289
0.1766

20.83915+0.40856*X

4.68 kg

0.198

25.55394+0.2463*X

4.74 kg

0.184
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COMPARISON OF METHODS
In order to evaluate the effectiveness of the model predictions, it was necessary to
compare the estimated values. The multiple element, Ruff and colleagues’ (2005),
McHenry’s (1988) and Grine and colleagues’ (1995) models predictive masses were
compared to actual masses and to each other. The results for errors and accuracy are
divided by sex and are based on the 25 individuals randomly removed from each sex for
predictive purposes. Since individuals can vary in stature, which affects their expected
body mass, height is controlled for by using BMI to compare the methods.
The results differ between the sexes. For males, the predicted values from the
multiple element model are not significantly different from the actual weights. In
contrast, the other models (Ruff’s, McHenry’s and Grine’s) predicted values are
significantly different from the actual mass, as seen in Table 27. The results for females
also indicate that the estimated body mass utilizing the multiple element model is not
significantly different from the actual BMI value. However, the Grine method also is not
significantly different, while the Ruff and McHenry estimates are significantly different,
as seen in Table 28.

Table 27- Actual Versus Predicted Mass Values for Males
Males

Multiple
Element Model

t-test P-value

0.7342

Ruff and
colleagues’
Method
0.0161

Significant values are italicized

120

McHenry’s
method
0.00167

Grine and
colleagues’
model
0.0317

Table 28- Actual Versus Predicted Mass Values for Females
Females

Multiple
Element Model

t-test P-value

0.41603

Ruff and
colleagues’
Method
0.0052

McHenry’s
method
0.000005

Grine and
colleagues’
model
0.9011

Significant values are italicized

These results, summarized in Table 29 below, indicate that the most appropriate
models to utilize when estimating body mass is the multiple element model (for both
sexes) and the Grine and colleagues’ method (for females only). When compared to
other methods the only methods with lower percentages of errors over 10% as well as
comparable error ranges are the multiple element model and the Grine and colleagues’
method for females only.

Table 29-Summary of Methods Compared

Method

Sex

Error range

Errors over
10%

Ruff and colleagues’

Male

-6.76 kg - 17.1 kg

40%

Ruff and colleagues’

Female

-8.54kg – 9.87 kg

56%

Grine and colleagues’

Male

-19.93 kg – 9.27 kg

44 %

Grine and colleagues’

Female

-9.99 kg – 7.98 kg

16%

McHenry

Male

-11.44 kg – 25.88 kg

48%

McHenry

Female

-8.23 kg – 12.94 kg

64%

Multiple element model

Male

-14.7 kg - 13.4 kg

32%

Multiple element model

Female

-11.63 kg - 4.88 kg

20%
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INTRAOBSERVER ERROR
A number of skeletons that were analyzed for the current project were remeasured one week from the first analysis. Intraobserver error is the error between the
two recorded values of each skeleton. Following Utermohle and colleagues (1983),
intraobserver error was calculated as a percentage difference between the two
measurements of the same dimension. The average error percentage was calculated, as
well as the correlation between the first measurements and the second. The correlation
values decrease as the percentage differences fluctuate more, as seen in Table 30. For
correlations of r=0.999, the range of discrepancy is 0-0.3% difference, while the range of
discrepancy for a correlation of r=0.86 is 0.2-9 %. The strength of the associations
between the first and second measures is best seen graphically. The more linear the line,
the higher the correlation; the more scattered the line, the lower the correlation. Figures
21 and 22 demonstrate a high and low correlation, respectively.

Figure 21-Intraobserver Association for Femur Length

R=0.999
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Figure 22- Intraobserver Association for Femoral Subtrochanteric Area,
Anterio-Posterior

R=0.83
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Table 30-Intraobserver Correlation Values
Skeletal Dimension
Correlation
Femur length
0.999815089
Femur head
0.989262127
Femur subtrochanteric AP
0.837487377
Femur subtrochanteric ML
0.955187247
Femur midshaft AP
0.941417743
Femur midshaft ML
0.990348021
Femur bicondylar breadth
0.989071735
Tibia Length
0.998099527
Tibia length no malleolus
0.997318193
Tibia maximum midshaft
0.98148789
Tibia minimum midshaft
0.949516772
Tibia maximum plateau
0.995865968
Tibia minimum plateau
0.992304203
Humerus length
0.999388218
Humerus head
0.960104645
Humerus maximum
midshaft
0.967247987
Humerus minimum midshaft 0.997329549
Humerus epicondylar
breadth
0.990058812
Radius length
0.999695817
Radius maximum midshaft
0.97721304
Radius minimum midshaft
0.861705367
Ulna length
0.999489929
Ulna length no stylus
0.999567702
Ulna maximum midshaft
0.992867579
Ulna minimum midshaft
0.934324691
Bi-iliac breadth
0.993257601
Clavicle length
0.997112591
Scapula breadth
0.994336429
Scapula height
0.996617581

SUMMARY
The hypotheses tested for the current study are all rejected and the alternative
hypotheses are selected. For hypothesis one, the null (the multiple element model has the
lowest predictive errors) is rejected in favor of the alternative hypothesis that the multiple
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element model and a currently used method have the lowest predictive error. For
hypothesis two and three the null hypotheses are rejected in favor of the alternative
hypotheses, which state that a combination of variables (articular and diaphyseal, and
upper and lower) will be present in the multiple element model.
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CHAPTER 5
DISCUSSION

INTRODUCTION
Body mass is one of the most basic human identifiers. As such, it is a subject that
is relevant to research in bioarchaeology, forensics, and paleoanthropology. However,
most current methods for body mass estimation do not take into consideration individual
variation but rather are based on population means. This does not allow researchers to
view the relative level of health, stress, or social status for the individual. By utilizing a
multiple element approach to estimate body mass, a more complete and individualized
picture can be attained.

MULTIPLE ELEMENT MODEL
SUBDIVIDING DATA SETS
The full dataset was first tested to see if sex, biological affinity, and time period
(modern versus reference collection) were significant variables by which the data needed
to be divided. When the data was divided by sex, there is a significant difference in the
mean but not in the variance (p-value=0.0008 and 0.1905, respectively). Therefore, all
further divisions of the data for body mass estimation are split by sex. This is supported
by previous research on the topic by Daneshvari and Pearson (2004) and Daneshvari
(2009). Furthermore, the angle of the hips to the knee is different for men and women
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(Tardieu and Trinkaus, 1994; Hiernaux, 1985), which suggests that the force imposed
upon the skeleton may in fact be different depending on the sex of the individual.
Next, the sex divided sample was categorized by biological affinity, American
black or white. The means between whites and blacks, by sex, are not significantly
different (p-value=0.5478 for males and 0.3791 for females). The variances between
blacks and whites for males and females are also not significantly different (pvalue=0.991 and 0.1578, respectively). Therefore, the data does not need to be
subdivided by biological affinity. This result is very important for the application to other
populations. This lack of population affinity suggests that the race or population of the
individual does not affect the predictive values of body mass, as long as sex is controlled.
Time period was also tested as a significant factor in estimating body mass.
Documented collections utilized in the study contained individuals that died in the late
19th/early 20th century (the reference collections) or the late 20th/early 21st century (the
contemporary samples). Once again, the dataset was first divided by sex and then tested
within each sex for a significant difference between time periods. Within males, there is
no significant difference between time periods in the mean body mass values, with a pvalue of 0.6791. In contrast, within females a significant difference is found between
means (p-value=0.0081). The variances, however, are not significantly different for either
sex between the time periods (p-values= 0.571 and 0.606 for males and females,
respectively). The two time-period samples are quite different in sample size, with 25
modern and 74 reference individuals. In order to account for this difference, 25 random
individuals were chosen from the reference group, and the tests re-run. This results in a
non-significant difference between the means and variances (p-value= 0.051 and 0.816,
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respectively). Therefore the significant difference in females when the 74 reference were
compared to the 25 modern may be due to the discrepancy in sample size. When retested
with equal sample sizes the difference disappears, showing that there is no significant
difference between the body masses from the two time periods.
For body mass equations it is only necessary to separate individuals based on sex.
This result suggests that the only influence that appears to affect the measurements
involved in predicting body mass is sex. The influence due to sex could be due to a
multitude of things, including differences in hip breaths and femoral angles (Hiernaux,
1985; Ruff, 200b) affecting the angle of the femur. These factors can affect how weight is
distributed in the skeleton and therefore how it is correlated to the measurements.
According to Wolff’s Law bone will respond to the forces placed upon it (Wolff, 1870),
and if these forces differ in how they place stress upon the bones, the response will also
differ, and the correlation as well. The lack of significance from the tests regarding race
and time period are equally important. Since race is not a significant factor in how the
sample should be divided, it appears that the results could be applied to more than
American blacks and whites. Further testing still needs to be conducted however, to
determine which other races or biological affinities this equation can accurately be
applied. For this research it is assumed that since there is no difference seen between the
biological affinities tested, the equation is applicable to Native American populations.
This is extremely useful as most documented collection within the United States have a
higher proportion of whites and blacks. As a result, body mass equations that are
subdivided out by sex do not need to further specify race or population affinity in order to
ascertain a correct weight. This result implies that regardless of an individual’s
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population background, mass affects the skeleton the same way for each sex.
Furthermore, time periods were also tested as a possible variable in the model for
dividing the sample. Time period can be seen as a proxy for, or correlate of, activity
levels, as different activities were the ―normal activity‖ during the two time periods.
More manual labor was involved in the lower class of the early time period than in the
later mixed status documented populations. If a significant difference is found between
the two time periods, then activity could be affecting how body mass is read from the
skeleton. However, since it is found to not be significant, it implies that the variables
selected in the model are not those affected highly by activity, and rather reflect the
skeletal changes from weight. If activity was indeed affecting certain bones, like the
femoral midshaft anterior-posterior diameter, for example, then when the samples were
divided out by time periods the body mass mean values would be significantly different,
as well as with different variances, as more intensive activities were on average
performed in earlier, less technologically advanced periods.
MULTIPLE ELEMENT MODEL-EQUATION
After eliminating variables that are highly correlated with others in the model and
could possibly cause inflated and faulty results, a stepwise regression was run on the
dataset subdivided by sex. The variables included in the model were femoral, tibial and
humeral dimensions, as well as age and bi-iliac breadth. The results show that three types
of variables are needed, regardless of sex, to estimate mass. These variables are bone
length, articular, and diaphyseal dimensions. For females, age is selected as a significant
variable, which is not surprising, since women have dramatic hormonal changes that
affect bone (Garnero et al., 2000; Felson et al., 1993). However, in many forensic,
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bioarchaeological and paleoanthropological situations, age is not known precisely, and if
estimated, it adds further error into the result. Therefore, the analyses were also rerun
without age as a predictor variable. When age was eliminated the R2 value decreases
slightly, as does the standard error estimate (from R2=0.409 to 0.3686 and SEE=12.68 to
12.32 kg, respectively). As there is no significant difference between the female equation
with and without age included, the equation with age is omitted for further analysis as a
variable since in many cases it was not known.
ROBUSTICITY OF MULTIPLE ELEMENT MODEL
The robusticity of the model was also tested, and results indicate that the variables
chosen are indeed important in estimating mass. To test the robusticity of the equations
created with stepwise regression, a random 25 individuals were eliminated from the full
dataset and the regression was rerun. Furthermore, these variables do not waver in
regards to type of variable chosen, with long bone length, articular and diaphyseal
dimensions included in all equations. For females the same four top variables are
selected: femoral length, femoral head diameter, femoral midshaft medio-lateral
dimension and humeral epicondylar breadth. For males, two out of the three
measurements are re-selected, femoral length and tibia midshaft maximum dimension.
The third previously chosen variable (from the full dataset equation) is humeral head
diameter. In the model for males with the robust dataset, the third variable selected is
femoral bicondylar breadth. Although these are two different measurements, with one
being an articular measure of the upper body, and one an articular measure of the lower
body, the body mass estimates that they create are not significantly different (see Table 9
in Chapter 4). The model has a nominal amount of change, with the standard error
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increasing from 10.66 to 11.62 kg, and the R2 value increasing from 0.2772 to 0.2837.
The means of the two groups are also not significantly different (p-value=0.72).
Furthermore, both measurements are articular dimensions and Ruff (2000b) found that
the correlations between body mass and bone length are highly correlated in both the
upper and lower body (averaging r=0.78 for the lower limb and r=0.65 for the upper
limb). When the two variables are compared in this study, they are correlated with each
other (r=0.38). Additionally, a previous study (Daneshvari et al., 2007) found that the
best single variable to predict body mass is femoral bicondylar breadth. For these two
reasons, the model with bicondylar breadth rather than humeral head is chosen for all
further analyses. The two variables are correlated with each other, and have no significant
difference in mean values, so either equation (utilizing femoral bicondylar breadth or
humeral head diameter) could be used, without significant differences, in determining
body mass. When this was tested on predicted values from the Georgia coast populations
(see Table 9 in Chapter 4) and no significant difference was found in the predicted BMI
values (p-values=0.757). For all further comparisons the robust models are used since
predictive values can be calculated on the 25 removed individuals from each sex.
The multiple element model was tested on the twenty-five individuals that had
been removed from the original dataset. Predictive error (actual-predicted) is the most
useful way of determining how well a model works on data that is not used in its creation
(Smith, 1984). In addition to predictive error, the percent predictive error, the ratio of
observed to predicted measures, log residual and the log residual divided by the standard
deviation are also useful variables in determining model fit (Smith, 1984). The results
show a mean percent predictive error for males of 1.21%, and for females of -3.67%,
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thus, on average, male body mass is underestimated and female mass is overestimated.
The other values (see Table 11 in Chapter 4) also demonstrate that the predicted values
are close to the actual body mass values of the individuals. These results showed that the
multiple element model is effective at predicting an individual’s body mass, regardless of
time period or race, but dependent upon sex. Since the model is shown to accurately
estimate body mass of individuals of differing time periods and races, it was then
compared to currently used models.

OTHER METHODS
Currently used models developed by Ruff (1994, 1997; Ruff et al., 2005),
McHenry (1988) and Grine and colleagues (1995) were then compared to the multiple
element model using predictive error, model fit and standard error. In order to test if the
results differ based on the reference sample used additional best fit models were created
utilizing the skeletal dimensions from Ruff (1994,1997; Ruff et al., 2005), McHenry
(1988), and Grine and colleagues (1995) but with this studies dataset. Therefore, a twostep comparison was implemented. First, mean and median predictive error, percent
predictive error, ratio of observed to predicted, log of the residual and standardization of
the log value were calculated for the current model and the new best fit model. The
predictive errors from the two models were then compared using a t-test to ascertain if
the current model’s predictive values are biased by the reference sample that the current
research used. Next, currently used models (by McHenry, 1988; Grine et al., 1995; Ruff
(1997, Ruff et al., 2005) and the multiple element model’s predictive values were
compared to actual values using a t-test.
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Both metric and morphometric approaches to estimating body mass were
compared to the multiple element model. Metric models of body mass estimation use
mechanical effects that correlate with the force of weight that is placed on the skeleton,
whereas morphometric approaches attempt to estimate body mass based on the physical
proportions of the body. Both techniques have positive and negative aspects associated
with them. Metric approaches can utilize correlations that specific amounts of mass place
on the skeleton but there can also be complications to the picture from other forces
affecting the skeleton, such as activity. Morphometric approaches bypass the
complications of other forces, but the skeletal dimensions used to estimate the size of an
individual do not actually change with addition or removal of mass.
MORPHOMETRIC APPROACH
Ruff (1994, 1997; Ruff et al., 2005) approached the estimation of body mass
using a morphometric approach, specifically a cylindrical model. This model used long
bone length as a proxy for the height of the cylinder and living bi-iliac breadth for the
diameter of the cylinder. The area of the cylinder was then calculated from these
measures to estimate mass (Ruff, 1994). In order to create a morphometric model using
the current reference populations, femoral length was used as a proxy for height and
articulated, not living, bi-iliac breadth for width. These variables were replaced as
calculating living bi-iliac breadth was just an additional computation that the linear
regression equation can include, and estimating height from femoral or long bone length
adds more error into the equation. The original equation reports a correlation value of
0.913 for males, and 0.819 for females, and a standard error of 3.7 kg and 4.0 kg,
respectively (Ruff, 1994). The new model using the current reference sample results in a
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R2 value of 0.264 and 0.2258 for males and females, respectively. The standard error is
9.08 kg for males and 12.11 kg for females. This demonstrates that perhaps Ruff overestimated the accuracy of the models by creating and testing it on living individuals
(Ruff, 1994). Much more error is actually present when working solely with the skeleton,
as with the current samples. Furthermore, bi-iliac breadth is difficult to find in
archaeological cases and therefore many studies involving prehistoric peoples or early
hominins would be unable to use this method without further estimation of bi-iliac
breadth. In the bioarchaeological application of this dissertation, only one individual had
a measureable bi-iliac breadth, and that individual was missing any long bones required
to estimate stature, making this body mass estimation technique using bi-iliac breath
impossible for any individual in the current bioarchaeological application of this research.
The new morphometric model tends to overestimate or underestimate the mass of
males and overestimate that of females, with errors spanning from -20.6% to 22.01% and
-18.15% to 5.89%, respectively. A negative percentage error indicates that the predictive
value overestimates the actual value, whereas a positive percentage error means that the
predictive value is underestimated. Although the median and mean values for these
figures are close to zero, the overall range and variance of these values is quite large.
When the original morphometric equation created by Ruff and colleagues (2005) was
compared to the new model based on current reference populations, a significant
difference between estimates is produced (p-value=0.0107 and 7.7 x 10-6 for males and
females, respectively). This implied that the populations from which these samples are
drawn do indeed affect the estimates of body mass. This is especially true when modern
populations are involved since individuals may not be of an ―ideal‖ body weight for their
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height. Since the original equations acted to calculate the mean mass for a population and
not an individual’s actual weight, no deviance from the population mean was captured.
The morphometric model created by Ruff (1994, 1997; Ruff et al., 2005)
estimates mass with errors ranging from -11.5% to 35% and -12.8% to 20.4% for males
and females, respectively. Furthermore, 10 out of 25 (40%) males have an error greater
than 10% while for females 14 out of 25 (56%) have an error greater than 10%. For both
sexes, the total percentage of estimates of mass with an error greater than 10% is 48 out
of 100. This is much higher than the multiple element model’s over/under estimation
greater than 10% for 26 out of 100.
METRIC APPROACHES
In addition, metric approaches were analyzed, focusing on the models created by
Grine and colleagues (1995) and McHenry (1988), as they were the most often used.
Metric models utilize a correlation approach, in which mass is correlated with bone
dimensions.
FEMORAL HEAD DIMENSIONS
Grine and colleagues (1995) calculated body mass equations using the dimensions
of the femoral head. They report a correlation between body mass and femoral head
diameter of 0.92 (R2=0.846) with a standard error of 4.3 kg. When the model was
recreated using the current reference population the R2 drops to 0.104 and 0.227 with
standard errors of 9.3kg and 11.06 kg for males and females, respectively. The new
femoral head model produces estimates that range from -23.69% to 24.86% and 19.398% to 9.46% in percentage error for males and females, respectively. When the
original metric equation created by Grine and colleagues (1995) was compared to the
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new model using current reference populations a significant difference is found between
the estimated values of males but not females. This implies that the equation for females,
regardless of which population that the sample is drawn from, estimates mass accurately;
whereas, for the males, the measurement’s accuracy in predicting mass is population
dependent. An additional explanation is that the inaccuracy may be due to the method’s
original action of predicting population mean body masses, rather than individual values.
The metric model created by Grine and colleagues (1995), which was a pooled
sex model, estimates mass with error that range from -33.43% to 14.3% for males and 17.569% to 14.85% for females. Furthermore, 11 out of 25 (44%) males have an error
greater than 10% error while for females it is four out of 25 (16%). For both sexes, the
total percentage of estimating mass with an error greater than 10% is 30 out of 100. This
is equivalent to the multiple element model’s over/under estimation greater than 10% of
26 out of 100.
SUBTROCHANTERIC DIMENSIONS
McHenry (1988) also used a metric equation to predict body mass with the
product of the anterior-posterior and medio-lateral subtrochanteric dimensions of the
femur. He reports a correlation between body mass and the product of subtrochanteric
dimensions of 0.67 (R2=0.4489) but does not state the standard error. When this model
was recreated using the dataset collected for this study, the R2 drops to 0.0697 and 0.0482
with standard errors of 4.09kg and 5.129 kg for males and females, respectively. The new
subtrochanteric dimension model produces estimates with error ranges from -18.41% to
22.68% and -24.19% to 4.95% for males and females, respectively. When the original
metric equation created by McHenry (1988) was compared to the new model using the
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dataset collected for this study, significant differences are observed (p-value= 1.65 x 10-5
and 3.99 x 10-17 for males and females, respectively). This implies that the populations
from which these samples are drawn do indeed affect the body mass prediction. It is
possible that the differences may also imply that the original sample size from which this
model is created is too small as it contains only fifteen males and fifteen females.
The metric model created by McHenry (1988), which was a pooled sex model,
estimates mass with error ranges from -16.799% to 33.32% and –15.33% to 26.73% for
males and females. Furthermore, 12 out of 25 (48%) males have an error greater than
10% while for females it is 16 out of 25 (64%). For both sexes, the total percentage of
estimating mass with an error greater than 10% is 56 out of 100. This is greater than two
times larger than the multiple element model’s over/under estimation greater than 10% of
26 out of 100.
When looking at the three currently utilized models for estimating body mass,
some trends appear. The multiple element model and the Grine and colleagues (1995)
method for females produce roughly equivalent rates of over- or under-estimates of 10%
or greater error. This suggests that the models most appropriate to use for males is the
multiple element model and for females the multiple element model and that of Grine and
colleagues (1995). This is supported by a t-test of the actual body mass values for the 25
individuals divided by sex, which show that the only predictive values for males that do
not differ from the actual values are those created by the multiple element model and for
females both multiple element model and the Grine and colleagues (1995) femoral head
model.
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COMPARISON OF METHODS
In order to test whether a bias was created by using the current reference sample
to form new equations were generated using the morphometric and metric dimensions
implemented by Ruff (1994, 1997; Ruff et al., 2005), McHenry (1988) and Grine and
colleagues (1995). This bias could be due to the previous methods, smaller sample sizes,
averaged population masses, or that there is some distinct morphological differences
between the samples collected for this study and their data. This last probability is
unlikely, however, since McHenry’s sample was drawn from the Terry collection, one of
the current collections used, and skeletons were used to create the multiple element
model rather than living individuals with tissue. Living individuals may add an unknown
amount of error. Additionally, original samples used were different, when creating linear
models of mass estimation the models that were re-created with the current data were
more like the multiple element model in regards to the accuracy of the predictions. With
the Ruff- style new morphometric model producing 26%, McHenry-style new
subtrochanteric model 28% and Grine-style new femoral head model 32% over or under
10% error estimates. However, when the new equations were compared to actual
predicted values, in the females only the model of Grine and colleagues is not
significantly different (p-value= 0.18). In the males, however, none of the three methods
are significantly different from the actual mass with p-values=0.740, 0.602, 0.734 for the
Ruff-style, McHenry-style and Grine and colleagues-style models, respectively. This
implies that there is no bias created by the reference population in females, but there may
be some present in the males. Alternatively, this could imply that any measurement could
be used to estimate males as long as the reference population is the same whereas the
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measurements used to estimate female mass are under more constraint, regardless of
reference population. This observation is further supported by the standard error
estimates of male and female single element models created from the current dataset. For
males the estimates range from 5.64 kg to 11.32 kg, with the majority around 6 kg,
whereas for females the range is 5.62 kg to 22.13 kg, with an oscillating pattern of peaks
and lows.
No method for the estimation of body mass used today accounts for the mass of
both lean and adipose tissue. Some anthropological researchers have assumed that
prehistoric people's body composition was similar to Olympic caliber athletes (Ruff,
2000a). While it is reasonable to assume that prehistoric people were lean relative to
today’s American population, the actual body composition of past peoples is unknown.
Bi-iliac breadth, one common skeletal measurement utilized in body mass studies, does
not change with the addition of adipose tissue (Ruff, 1994). Therefore, it may not
accurately reflect changes in, or be correlated with, body mass, due to increases in body
size from adipose tissue (Ashley-Montagu, 1960). This is a major issue when estimating
mass in contemporary populations. On an individual level one needs to know how
resources and health affected mass. Ruff states that the morphometric equation uses biiliac breadth as an indication of climate and not the amount of resources or health of the
individual (Ruff, 1994). Bi-iliac breadth can never change if weight is lost or gained due
to an increase in access to food resources, which could be seen due to a change in social
status and complexity.
When estimating body mass, many factors must be taken into account. The first
significant variable that must be taken into consideration is sex. Sex affects which
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elements are added into the model as significant variables for estimating mass. This effect
appears to be due to the skeletal differences between the sexes and is related to primary
sexual characteristics in the pelvis. These changes include broader hips to accommodate
childbirth, and as a result, a greater femoral angle in females than in males (Hiernaux,
1985). This difference in the angle creates a differing force upon the lower skeleton of
females when compared to males, thus affecting which variables were selected in the
model. Race and time period in Americans does not have similar effects on the sample.
Therefore, the needed information to determine body mass is sex.
Comparisons between currently used models and the new multiple element model
demonstrates that the new model is more accurate and reliable for both sexes than any
other model. Grine’s sex combined model, however, is also an appropriate method to
calculate body mass in American females, regardless of race or time period. Therefore,
the multiple element model and the Grine and colleagues’ (1995) model (for females
only) can be applied to populations within North America with the most accuracy. For
males, the multiple element model is the most appropriate and accurate model to use.
When compared to actual mass values, there is no significant difference, suggesting that
the population chosen, or sample utilized, affect estimates of body mass.

INTRAOBSERVER ERROR
Following Utermohle and colleagues (1983), intraobserver error was calculated as
a percentage difference between the two measurements of the same dimension. The
average error percentage and the correlations between the first and second measurements.
The correlation values decrease as the percentage differences increase, for correlations of
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r=0.999, the range of discrepancy is 0-0.3% difference, while the range of discrepancy
for a correlation of r=0.86 is 0.2-9 %. The variables with the highest correlation (greater
than 0.98) are femur length, femoral head diameter, femoral midshaft medio-lateral,
bicondylar breadth, tibia length with and without the malleolus, tibia maximum at
midshaft, tibia plateau minimum and maximum, humerus length, humerus minimum at
midshaft, humeral epicondylar breadth, radius length, Ulna length with and without the
styloid, ulna midshaft maximum and minimum, bi-iliac breadth, and scapular dimensions.
The dimensions with the lowest repeatability is femoral subtrochanteric anterior-posterior
and the minimum radius at the midshaft, with the remaining measurements fluctuation
between r=0.94 and 0.97. The variables chosen in the multiple element model for males
or females are those with high repeatability and therefore are valuable for predicting
mass.
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CHAPTER 6
GEORGIA COAST APPLICATION
With the development of an individualized body mass equation, further research
in regions previously studied can be advanced. The ability to look at changes in weight
on an individual level allows the researcher access to the specifics of that individual’s
health, status and lifestyle. In many cases, grave goods are used to indicate social status
of the individual. However, in other areas, little to no grave goods were recovered, and in
these areas, relative body mass distributions may be a useful proxy for status. Since the
multiple element model is shown, in the previous chapters, to be a more reliable and
accurate predictor of body mass on an individual level it is applied here to evaluate
whether there is a change in social stratification with the switch to agricultural
subsistence strategies. The Georgia coast populations were chosen as an application for
this new method as a multitude of studies have been conducted in this region over the
past few decades. With the addition of an individual’s body mass in this area, where few
grave goods have been found (Larsen, 1982) a more complete picture of the lifeways and
social status on an individual level can be attained.

BACKGROUND
EXCAVATIONS
Non-continuous work has been conducted along the Georgia Coast since 1896.
The main focus of these excavations involved Saint Catherines Island, a 14,000 acre
island located four miles east of the Georgia mainland. This island is situated in the
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middle of the Sea Island Chain, a string of barrier islands spanning the southern portion
of the Georgia coastline (Thomas and Larsen, 1978), see Figure 23.
Figure 23- Map of the Georgia Coast line from Thomas, 1978 (reprinted with
permission of the publisher)

The history of work done on the Sea Island Chain off the coast of Georgia has a
long history, with numerous individuals playing a part. In 1872, Charles Colcock Jones,
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Jr. conducted multiple excavations, but never specified the locations of the sites within
the chain of islands. Then William McKinkey concentrated on Sapelo Island prior to
1896. Clarence B. Moore worked on various sea islands between 1896 and 1897,
excavating about 50 mounds and 1350 burials, although he only saved a few of the
burials. However, Moore hired a physician, M. G. Miller, to study the skeletons.
Subsequently, Antonio J. Waring excavated a few sites, such as Indian King’s tomb (at
Haven Home site) and Mound A (at Eulonia site). Later Waring helped with Works
Progress Administration (WPA) excavations (Thomas and Larsen, 1978), which were
conducted with government funds used to help the United States out of the depression
era.
The WPA excavations began in 1936, under the direction of Preston Holder,
Antonio J. Waring and Joseph R. Caldwell. During 1936 and 1937, Holder began
working on St. Simon Island and Evelyn Plantation on the mainland (Thomas and Larsen,
1978). World War II, however, halted these excavations (Thomas and Larsen, 1979).
The hiatus lasted until the mid-1960s when there was renewed interest in the region,
leading Joseph Caldwell to begin excavating St. Catherines Island in 1969; work that
continued until his death in 1971.
In the 1970s, the University of Florida, under Jerald Milanich and Charles
Fairbanks, began excavating St. Simons Island (Thomas and Larsen, 1979). A number of
theses and dissertations were written based on the research; examples include Wallace
(1975), Martinez (1975), Marrinan (1975) and Zahler (1976). In the 1970s the American
Museum of Natural History began excavations in the region to pick up where the WPA
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had left off in 1943. St. Simon Island was excavated in the 1970s and published by F.
Cook (1976) and Marrinan (1975, 1976).
SUBSISTENCE
The extensive studies by anthropologists, geologists, and other scientists have led
to the discovery of a series of dietary shifts during the prehistory of the region. Preagricultural Georgia subsistence was based on wild plant, and marine and animal
resources. During the Refuge Period (1100-400 BC) there was a decrease in shellfish, and
during the Savannah Period (1150-1300 AD) there is the addition of plant domesticates,
especially corn (Jones, 1978). During the St. Simons period, 2200 – 1100 BC, the diet
consisted of foods from tidal creeks and salt marshes (Marrinan, 1975, 1976). Cannons
Point site on St. Simons Island contains faunal and flora deposits of oyster, clam, whelk,
Tagelus, mussel, marine snails, fish, deer, raccoon, opossum, dog, hickory, and acorn
(Larsen, 1982).
During the Refuge Period, 1100 – 400 BC, it has been suggested that the water
level was lower (DePratter and Howard, 1977, 1978). Many of the sites from this time
period are now underwater, making it difficult to gather much information (Larsen,
1982). DePratter and Howard (1977, 1978) suggest that since there is a significant change
in the sea level during this period there is a decline in utilization of shellfish resources.
This explanation does clarify why in the few sites that have been found and were not
under water there is not a significant amount of shellfish remains found in middens
(Larsen, 1982). Marrinan (1975) supports this by stating that during this period hunting
may have been more important than shellfish resources since a lot of lithics involved with
hunting and processing game have been discovered at sites dating to this period.
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Furthermore, another site excavated by Lepionka (1980) shows that shellfish is in fact
collected during this period, just to a lesser degree.
Subsistence information for the Deptford Period, which spans 400 BC to 500 AD,
comes from Cumberland, Skidway and St. Catherines Islands. The middens from this
period appear similar to the previous period. Milanich (1971, 1973) reports that at the
three islands from this period there are flora and faunal deposits consisting of oyster,
mussel, Tagelus, whelk, fish, terrapin, sea mammals, deer, raccoon, opossum, rabbit,
pocket gopher, bear, bobcat, tortoise, box turtle, Florida panther, as well as hickory and
acorn.
The Willmington Period (500-1000 AD) like the Refuge Period has not yielded
much data from which to draw conclusions. It is only known from middens on St.
Catherines and Skidway Islands (DePratter, 1976b; Lee, 1970). Faunal deposits from
these two islands include oysters, clam, whelk, fish and deer. DePratter, in a personal
communication, told Larsen (1982) that he investigated subsistence patterns on additional
islands during this period (Ossabaw, Wassau, Blackbeard, and Little St. Simon Islands)
and saw little divergence from the previous period in the faunal and plant remains found
at sites.
The last period before the switch to agriculture, the St. Catherines Period, lasts
from 1000 to1150 AD. On St. Catherines Island, the middens from this period contain
oyster, clam, mussel, turtle, squirrel, opossum, and fish. Other sites on different islands
also contained the same types of faunal deposits (Larsen, 1982).
The agricultural occupation starts with the Savannah Period, 1150-1300 AD,
which is followed by the Irene Period, 1300-1550 AD. An agricultural economy is
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represented by the presence of domesticated maize (Larsen, 1982). Pearson (1979)
excavated two Savannah period middens on Ossabaw Island and found faunal and flora
deposits of shellfish (especially oyster), clams, mussel, whelk, periwinkle, deer, raccoon,
rabbit, fish, reptiles, avifauna, crab, hickory, acorn, and cabbage palm berry. Other
Savannah Period sites on St. Simon Island (Cook 1976, 1978) have deposits of oyster,
shell, deer, raccoon, rabbit, opossum, fish and two domesticates, corn and mustard. The
Irene Period subsistence data is based on excavation from Ossabaw Island (Pearson,
1976, 1977, 1978, 1979), Pine Harbor site (Larson, 1969), Irene Mound (Caldwell and
McCann, 1941), Red Bird Creek and Wamassee Ponds (Larsen, 1982). At Ossabaw
Island, Larson (1969) found that the Irene Period is identical to the Savannah Period in
subsistence, with one domesticate being present, corn. At Pine Harbor there are two
domesticates present, corn and beans, as well as acorn and hickory (Larson, 1969). At the
Irene Mound, there is diverse faunal and flora deposits (Caldwell and McCann, 1941;
McCann, 1939a, 1939b), which includes a predominance of shellfish, fish, land
mammals, reptiles, invertebrates, as well as one large cache of burnt corn.
Isotopic studies have also been conducted in this region and complement the
archaeological finds. Studies have shown that 13C values around -26‰ indicate reliance
on C3 plants while consumption of C4 plants results in 13C = -12‰ (Bender, 1968;
DeNiro and Epstein, 1978; Schoeninger and DeNiro, 1984; Smith and Epstein, 1971;
Tiezen, 1991). Nitrogen isotope levels are used to differentiate between consumption of
animal or marine resources, where higher 15N levels indicate terrestrial fauna and
marine resources. Hutchinson and Norr (1994), Larsen and colleagues (1992),
Schoeninger and colleagues (1990), Tuross and colleagues (1994) as well as Hutchinson

147

and colleagues (2000) have collected extensive isotopic data for the Georgia and Florida
coasts. The early prehistoric (1100 BC- 1000 AD) populations on the Georgia coast show
an average of 13C = -15.1 ‰ and 15N = 12.8 ‰, with no significant differences found
between the sexes (Hutchinson et al., 2000). Late prehistoric populations on the Georgia
coast have an average of 13C = -13.4 ‰ and 15N = 12.6 ‰. However, a significant
difference is found between the males and females in 15N levels (15N=12.3 ‰ for
females and 15N=13.0 ‰ for males). The researchers (Hutchinson et al., 2000) also
found that there is a steady increase in maize through time until the Spaniards arrived.
The late prehistoric individuals interred in the Irene Mound also show a decreased
reliance on marine resources and an increase in terrestrial food resources (Hutchinson et
al., 2000) as it is not directly on the coast.
LIFESTYLE AND BONY CHANGES
Studies have also focused on the skeletal remains of both pre-agricultural and
agriculture period groupings. This includes both bone shape and dimensions and
degenerative joint disease. At Point of Pines site in Arizona, Bennett (1973) found that
rounder femora and tibia at the nutrient foramen level are indicative of an increase in
mechanical stress. This stress, according to Bennett (1973), is due to an increase in body
mass with the switch to agriculture. Lovejoy and Trinkaus (1980), on the otherhand,
found evidence that rounder femora and tibia are associated with less mechanical stress.
With this switch to agriculture, Cook (1972) also found that there is a decrease in stature
with this adoption of agriculture in the lower Illinois Valley, reflecting an increase in
nutritional stress.
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Studies on the Georgia coast have focused on the skeletal changes that occurred
with the change in subsistence patterns (Larsen, 1982). Skeletal changes with the shift to
agriculture on the Georgia coast show significant differences between the two subsistence
patterns. Periosteal reactions are more frequent in agricultural times when compared to
pre-agricultural. Additionally, the agricultural sample has a higher frequency of carious
lesion than the pre-agricultural, with an increase of 58% in females and 52% in males.
The frequency and severity of degenerative joint disease (DJD), or osteoarthritis, are also
significantly different during the agricultural period when compared to the preagricultural, with the frequency of DJD higher in pre-agricultural times (Larsen, 1982;
Williamson, 2000). Larsen (1982) found that there is a significant difference in the
percentage of osteoarthritis for females between the hunter-gatherer to agriculture
subsistence patterns in the cervical and lumbar vertebrae, elbow, hip, knee, and ankle
(Larsen, 1982; Williamson, 2000). For males the significant difference in osteoarthritis
percentages are found in the lumbar vertebrae, shoulder, and wrist. For both males and
females, all significant differences show a higher frequency in the pre-agricultural groups
than in the agricultural (Larsen, 1982; Williamson, 2000). This appears to be related to
subsistence patterns, as ethnographic accounts of the Guale (historic Native Americans
on the Georgia coast) show that there was a strict sexual division of labor, especially with
subsistence activities. The females were involved in plant gathering and agriculture
activities while the males were responsible for hunting (Larsen, 1982).
If mechanical stress is in fact associated with the level of difficulty in the lifeway
and can be measured by the amount of time devoted to those subsistence activities (Lee,
1968, 1969, 1979), then a hunter-gathering lifestyle is more demanding. Although
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Sackett (1996) conducted a composite analysis and found that foragers are less active
than farmers, although there is a high degree of variability among farmers. Larsen (1982)
suggests that differences in the time devoted to subsistence activities or work are
reflected through differences in mechanical stressors that act upon the body. These
differences can then be used to differentiate hunter-gathering and agriculture subsistence
strategies. Regardless of whether the switch to agriculture involved a decrease or increase
of mechanical stress, this study was concerned with a distinct difference in BMI
distribution between the two periods, due to social complexity and access to resources.
BMI has been a good indicator of the nutritional load and has used in studies (e.g. Cole,
1991, Ferro-Luzzi et al., 1992) in order to make comparisons of body weights with
different statures.
Pre-agricultural and agriculture groups also show a significant difference in health
related variables, such as height. Larsen (1982) measured 27 postcranial dimensions on
male and female remains from the Georgia coast both in pre-agricultural and agricultural
periods. Agricultural groups have a significantly smaller postcranial size than preagricultural groups (Larsen, 1982). For females, all measures, except three, are
significantly different between the pre-agricultural and agricultural times. For males, 11
of the 27 dimensions are significantly different (Larsen, 1982). Furthermore, these
reductions are more pronounced in females than in males (see Table 31 for percent
changes) (Larsen, 1982).
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Table 31- Absolute Change in Dimensions of Skeletons Between Subsistence
Practices (negative values refer to larger hunter-gatherer dimensions while positive
values refer to larger agricultural dimensions in bone)
Sex

Bone

Female
Male
Female
Male
Female
Male
Female
Male
Female
Male
Female
Male
Female
Male
Female
Male
Female
Male
Female
Male

Femur
Tibia
Fibula
Ulna
Radius
Humerus
Bicondylar breadth
Subtrochanteric A-P
Humeral head
Humeral midshaft minimum

Percentage change from hunter-gather to
agriculture time periods
-5.9%
-3.4%
-6.3%
-4.8%
-11.8%
-6.1%
-3.5%
-1.5%
-4.6%
-1.2%
-4.5%
-4.3%
-9.4%
-5.2%
-8.3%
-0.9%
-5.6%
-7.6%
-2.3%
-6.2%

Due to the differences in skeletal dimensions in the postcrania around the time of
the change in subsistence patterns and the greater degree of difference seen in the
females, the amount of sexual dimorphism is greater in the agriculture group. All 27
postcranial remains in the agricultural group are significantly different between the sexes,
while only 24 out of the 27 variables are significant in the hunter-gathering group
between sexes (Larsen, 1982). Although there is postcranial reduction in both males and
females after the switch to agriculture, the reduction is greatest in the females, increasing
the degree of sexual dimorphism (Larsen, 1982). In addition, femoral robusticity, as
measured by midshaft dimensions relative to lengths, is reduced 3.2% in females after the
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switch to agriculture. This large reduction is due to a lesser reduction in femoral length
than in the midshaft circumference. For males the platymeric index is significantly
different in the agricultural group compared to hunter-gatherers (Larsen, 1982). The
difference of 4.8% in the platymeric index is due to the flattening in the anterio-posterior
dimension of the femur in the hunter-gathering group when compared to the
agriculturalists. The agricultural males have a greater decrease in the subtrochanteric
transverse diameter when compared to subtrochanteric anterio-posterior diameter.
The significant reduction in stature in the agricultural group involves a reduction
of 2.7-3.4% in females and 0.2-2.3% in males (Larsen, 1982). The difference in height is
based on stature equations using the left and right femur and tibia, which creates four
stature estimates that test for significance. For females, all four estimates are significantly
higher in pre-agricultural than in agricultural samples; in males, only the left tibia
produces a significant difference (Larsen, 1982).
The reduction in skeletal size and dimensions can be examined in two interrelated
explanations. The reasons for this shift in size could be due to a lowered level of
mechanical stress and/or an increased nutritional stress (Larsen, 1982). Studies have
shown that there is less mechanical stress with the adoption of agriculture as there is a
decrease in stress related factors, such as osteoarthritis. However, others disagree with
these findings (Sackett, 1996). There is also a decrease in femoral robusticity in females
and an increase in the platymeric index for males (Larsen, 1982). A low platymeric index
is associated in many studies as being associated with the agricultural way of life
(Buxton, 1938; Pearson and Bell, 1917-1919; Townsley, 1946; Brothwell, 1972; Bennett,
1973). This is further supported by Krogman (1962, 1972), who studied bone in amputee
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patients; he found that the opposite leg has a greater stress than the amputated bone
remnant, which atrophied. He concludes that the body does in fact respond to mechanical
stresses (Krogman, 1962, 1972). Therefore, a decrease in functional demand with the
switch to agriculture would result in smaller individuals with less robust bones (Larsen,
1982). The skeletal evidence supports mechanical stress as the cause of a reduction in
size, as expected under Wolff’s Law.
Secondly the reduction in size could also be explained by the presence of
nutritional stressors. This nutritional stress can be caused by an increase in carbohydrates
(primarily from corn) and a decrease in protein. Protein is necessary for bone growth and
metabolism (McLean and Urist, 1968) and adoption of corn into the diet would fit this
model (Larsen, 1982). This is also consistent with the rate of carious lesions, which
increases significantly once corn is added to the diet (Larsen, 1982), as the rate of carious
lesions is higher in populations with low protein and high carbohydrates (Rowe, 1975).
Many researchers have shown that groups going through protein malnutrition lead to
similar physical results as in the Georgia coast population (Frisancho et al., 1973; Stini,
1969, 1971; Frisancho, Garn, and Ascali, 1970a, b). This supports the likelihood of
nutritional stress and increases infection rates that coincide with the adoption of
agriculture, due to increases in population and density (Larsen, 1982). Where the
population density is a direct cause of the increase in disease and the infection rate.
Most likely it is a combination of these two stressors, nutritional and mechanical,
that actually cause the reduction in skeletal size (Larsen, 1982). The change in activity
and diet associated with the switch to agriculture may in fact be related to the division of
labor between the sexes. Ethnographically, Swanton (1942, 1946) and Hudson (1976)
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note a marked sexual division for most activities in the Georgia coast. This is supported
by the male-female disparity in osteoarthritis frequencies and locations (Larsen, 1982). If
females are involved more in the agricultural aspect of food procurement, then they may
in fact have been consuming more corn than the males. This increase in carbohydrates
could have had a greater effect on growth within females, as well as a greater rate of
carious lesions. Both of these outcomes are seen in the Georgia coast (Larsen, 1982). Lee
(1968) witnessed something similar among the Dobe Bushman, where males on the hunt
obtain the best meats and have the most access to it. If this is applied to the Georgia coast
then males may have in fact have a greater proportion of meat in their diet than females,
which could account for their lower carious lesion rate and comparatively minor decrease
in height relative to females (Larsen, 1982). As suggested by both French and Spanish
records (Swanton, 1942, 1946; Hudson, 1976), the females on the Georgia coast were in
charge of agriculture, which is a more sedentary activity rather than the active stress from
hunting (Larsen, 1982). Therefore the model of the Dobe Bushman seems an appropriate
model to compare the Georgia coast populations. Larsen (1982) concludes that this
difference in access to resources among the sex may have caused an unequal effect on
stature due to mechanical and nutritional stress.
SOCIAL STRATIFICATION
The pre-agricultural or hunter-gatherer period, before 1150 AD, consists of the St.
Simon, Refuge, Deptford, Wilmington and St. Catherines Periods. During these periods,
sites are small, widely spaced and restricted to the periphery of the islands. The
Willmington and St. Catherines Periods see a change in this pattern as the sites become
more clustered, but are still fairly widely spaced (Jones, 1978).
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During the Irene and Savannah Periods, after the switch to agriculture and the
domestication of maize, the number of sites decrease, the size increases, the number of
inhabitants at each site increases, and sites are no longer restricted to island peripheries
(Jones, 1978). However, the switch to agriculture was not an ―all or nothing‖ change as it
was in the interior Mississippian sites (Jones, 1978); marine resources continued to be
utilized on the Georgia coast both before and after the transition to agriculture (Larsen,
1982).
For prehistoric pre-agricultural, pre-1150 AD, Georgia coast Native Americans,
there does not appear to be any evidence of chiefdoms. The Georgia coast populations
have evidence of an egalitarian, band-level society until 1150 AD. After that point, there
is evidence of chiefdoms (discussed below), with a ranked society (Thomas and Larsen,
1979). In 1977, Milanich studied Deptford and pre-Deptford Period (hunter-gatherer)
social organization. He concludes that the Deptford Period is characterized by a band
level society, probably a simple clan-based grouping. Service (1971) also found that the
pre-agricultural periods lack specialized economic or occupational groups. According to
Goldschmidt (1960), status is comprised of rights, duties, advantages, power, and
responsibilities that are associated with a recognized and named position. That status is
either ascribed or achieved (Goodenough, 1965). In an egalitarian society, the number of
valued status positions is equivalent to the number of persons that have the abilities to fill
them (Fried, 1967). The important part of this definition is that it was reliant on
experience and overall social standing. According to Service (1971), this generally
characterizes hunter and gathering societies. In contrast, a ranked society has a limited
number of positions that are valued, and therefore, not every person with the talent can
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fill one the few positions of status (Fried, 1967). This creates an intrinsic hierarchy, with
relatively permanent social positions. In this kind of society there is unequal access to
―life-sustaining‖ resources (Fried, 1967; Peebles and Kuss, 1977). It is assumed that
individuals that are in a position of status are treated differently in death as they are in
life. This would be evident in the mortuary practices, and the burial goods that are found
along with high status individuals (Peebles, 1971). However, deliberate grave goods are
rare in the Georgia coast region (Thomas and Larsen, 1979).
Settlement patterns have been studied on the Georgia coast and provided further
insight into the type of social organization that is present in pre-agricultural and
agricultural times. Settlement patterns are based on studies from Cumberland (Milanich,
1971, 1973), Skidway (DePratter, 1975, 1976b), and Ossabaw (DePratter, 1974; Pearson,
1976, 1977, 1978, 1979) Islands. During the Deptford Period (pre-agricultural) on
Cumberland Island, the sites are bounded by refuse middens, are small in size with few
sites exceeding 600 m2 and have little time depth (Larsen, 1982). Sites are widely spaced
over the islands, with only the periphery of the island being utilized (Milanich, 1971,
1973). DePratter (1975, 1976b) observes a similar pattern on Skidway Island during the
St. Simon and Deptford Periods, both of which are pre-agricultural. He notes that the
sites are small in size and that shellfish middens are only found at island peripheries
(DePratter, 1975, 1976b).
During the Willmington and St. Catherines Periods (pre-agricultural) on Skidway
Island a similar pattern is observed, but with some slight differences (DePratter, 1976b).
Sites are situated in marginal areas and within the interior of the island. The sites are
more clustered, and closer in proximity, but remain small in size (DePratter, 1976b).
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Once the switch to agriculture occurred in 1150 AD, there was a change in the
settlement patterns (Larsen, 1982) in the Georgia coast region. During the Savannah and
Irene Periods the sites became larger and less scattered and the total number of sites
decreased while the total number of individuals at each site increased (DePratter and
Howard, 1980). During the Irene Period, large towns continued to exist (DePratter and
Howard, 1980), and were not restricted to island peripheries. On Ossabaw Island, the
major sites during this period are located in the interior (Pearson, 1976, 1977, 1978,
1979), with 57% of the sites ranging between 119,000-412,000 m2 in area (Larsen, 1982),
a large increase from the 600 m2 average in pre-agricultural times.
Prior to 1150 AD, habitation sites were small, widely spaced, and are short-term
occupations (Larsen, 1982). Milanich (1971) suggests that these small habitation sites
represent small, seasonally occupied settlements, composed of nuclear families. After the
switch to agriculture, the site structure changes, representing a change in the social
stratification and structure. Pearson (1976, 1978) suggests that since the later sites are
larger with an increased population size and length of occupation that likely involve yearround occupation.
Larson (1969, 1978) has drawn conclusions regarding the prehistoric-historic
transition, especially regarding subsistence and social patterns. Larson (1969) noticed that
unlike other inland Mississippian groups, which practice alluvial bottomland cultivation,
the Guale (historic Amerindians) of costal Georgia practice shifting cultivation that
consists of dispersed and non-sedentary groups (Larson, 1969). However, these
conclusions depend on Jesuit records, which Jones (1978) believed were not reliable.
Jones (1978, 1979, 1980) used earlier French documents, which he believed to be a more
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reliable and accurate portrait of Guale lifeways at the time of contact. He concluded that
the Guale have a chiefdom level of social organization in which a central individual
exercised economic authority by controlling the food distribution (Jones, 1978, 1979,
1980). This indicates a major utilization of food crops, primarily corn, with production
and distribution of domesticated food sources by a central, paramount leader. In other
words, during the agricultural period the Georgia coast populations are organized as a
politically stratified chiefdom (Jones, 1978, 1980; Worth, 1995, 2004; Thomas et al.,
2008).
Larsen (1982) utilized all previous research to suggest two important points
regarding human occupation in the coastal region of Georgia. First, Larsen (1982)
concluded that in situ cultural development on the Georgia coast led to the adoption of
agriculture. This is supported by the ceramics of the area (DePratter, 1979). Second, prior
to 1150 AD, the peoples utilized a hunting-gatherer subsistence pattern, after which
agricultural food production increased (Larsen, 1982). This is supported by
ethnobotanical evidence showing that corn was only present after 1150 AD, along with
an increased population density and signs of social stratification (Larsen, 1982). This
shift from hunting and gathering to agriculture was not an ―all or nothing‖ change, as it
was in other Mississippian groups (Ford, 1974, 1977; Griffin, 1967). Rather this shift in
subsistence changes the social groupings and therefore the way that the society was
organized.
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INFERRING SOCIAL STRATIFICATION
Social stratification within societies is of great importance in anthropology, as it
helps us to see how past peoples interacted, lived, and were organized. In some instances,
it becomes difficult to determine when social stratification developed due to a lack of
preservation of artifacts indicative of status. In such cases, it is necessary to develop
multiple avenues to determine the level of stratification within a society.
Past studies have shown that with the switch to agriculture there is a dramatic
change in how the community is organized (Thomas and Larsen, 1979). This change is
primarily due to the availability of resources and their ownership. With this change from
community sharing and equal access to resources to a system that is less dependent on the
individual work for those of higher status, a dramatic shift in how society is stratified
occurs.
The current study documented if a shift in social stratification was evident using
the body mass of the individuals of the population. It was expected that with a dramatic
change in energy output and types of work a change in body mass distribution would
occur. Those with more access to food would weigh more; those with less access would
weigh less. With the change to agriculture, there was an increase in consumption of
maize within this region, which carries with it a higher carbohydrate load (Larsen, 1982).
With the additional carbohydrates it was expected that body mass will increase due to the
access to maize.
The switch to agriculturalism has been shown to have a shift in the social
stratification within the Georgia coast (Larsen, 1982). However, which individuals
actually attain higher status is not known as little to no grave goods are recovered
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(Larsen, 1982). Therefore, in this study body mass distribution was tested as a proxy for
social status to see if within the Georgia coast there was a dramatic shift in body mass
along with the stratification development that occurred around the time of agriculture.

MATERIALS AND METHODS
The archaeological remains from the Georgia coast are currently housed at the
National Museum of Natural History. A minimum number of 226 skeletons were
measured, encompassing periods representing multiple subsistence strategies, both
hunter-gatherers and agriculturalists.
ARCHAEOLOGICAL REMAINS
The coast of Georgia in the United States, historically known as the Guale, has
been studied intensively since the early to mid-nineteenth century (Larsen, 1982). For this
study remains were studied from both preagriculture (or hunter-gatherer) and agriculture
sites. This region is represented by continuous, in situ cultural development (Larsen,
1982), see Table 32. For this study, the pre-agricultural period is represented by 6 sites
while the agricultural period is represented by 1 large site. The pre-agricultural sites
represent the following periods: St. Simons, Refuge, Deptford, Willmington and St.
Catherines, while the agricultural sites represent the Savannah and Irene Periods. After
1550 AD the first stage of post-contact times is represented by the Altamaha Period,
which was not analyzed for this study.
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Table 32-Time Period Dates and Ceramic Types (used to create the period divisions)
on the Georgia Coast (adopted from Larsen, (1982))
Period

Ceramic Types

Dates
1700 AD

Altamaha

Altamaha-Line Block, Incised, Plain, Check Stamped, Red
Filmed
1550 AD

Irene

Irene-Incised, Complicated Stamped, Burnished Plain,
Plain, Corn Cob Impressed

Savannah

Savannah Savannah-Complicated Stamped, Checked
Stamped, Fine Cord Marked, Plain, Corn Cob Roughened

1300 AD

1150 AD
St.
Catherines

St. Catherines-Plain, Net Marked, Fine Cord Marked,
Burnished Plain

Wilmington

Wilmington-Plain, Burnished, Heavy Cord Marked, Check
Stamped, Complicated Stamped

1000 AD

500 AD
Deptford

Deptford-Complicated Stamped, Cord Marked, Check
Stamped, Refuge Simple Stamped, Refuge Plain
400 BC

Refuge

Deptford-Linear Checked Stamped, Checked Stamped;
Refuge-Plain, Simple Stamped, Dentate Stamped,
Punctuated, Incised
1100 BC

St. Simons

St. Simons-Incised and Punctuated, Incised, Punctuated,
Plain
2200 BC

PRE-AGRICULTURAL SITES
Pre-agricultural sites represent sites prior to 1150 AD when there is a shift from
smaller, short term, dispersed villages to less mobile and higher populated villages
(Larsen, 1982). For this study, the following sites were analyzed: Sea Island Mound,
Airport Site, Charlie King Mound, Cannons Point Site, and Lake Spring Site. See Figure
24 for location of pre-agricultural sites.
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Figure 24- Location of Pre-Agricultural Sites on the Georgia Coast from Larsen,
1982 (reprinted with permission of the publisher)

Map of Georgia coast showing locations of pre-agricultural mortuary sites (9 = Airport;
12 = Cannons Point; 15 = Sea Island Mound; 18 = Charlie King Mound; un-numbered
star= Lake Spring site).
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Sea Island Mound
Sea Island Mound is located on the northern end of St. Simons Island in Glynn
County, Georgia. The site consists of a sand dune with a shell and sand layer in which the
burials are located. The site was excavated in the summer of 1936 under Preston Holder
for the Works Progress Administration (WPA). The mound is 15.2 meters in diameter
and 9.5 meters high, and contained 36 burials. The ceramics found at the site indicate that
it is from the St. Catherines period (1100-1150 AD) (Larsen, 1982).
For this study 21 individuals from Sea Island Mound were analyzed. Standard
aging and sexing techniques were used (Buikstra and Ubelaker, 1994). The 21 individuals
are adults and are comprised of seven males, eleven females and three skeletons of
unknown sex.
Airport Site
The Airport Site was first excavated in the winter of 1936 under the supervision
of Frank Setzler for the Smithsonian Institution. The WPA then continued the excavation
led by Preston Holder for the remainder of 1936 through 1937. The site is located on the
south end of St. Simons Island in Glynn County, Georgia. The site is a shell midden on
top of a larger pre-midden cemetery. Eighty-five single burials and several multiple
interments were excavated, yielding a minimum number of 147 individuals. The ceramics
from the site indicate that it dates to the Wilmington period (500-1000 AD) (Larsen,
1982).
Nineteen adult individuals from the Airport site were analyzed for this study.
Only non-colonial period burials from the site were studied. The individuals comprise six
males, three females and ten of unknown sex.
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Charlie King Mound
Charlie King Mound is found on the southern aspect of St. Simons Island in
Glynn County, Georgia. The site was excavated by the WPA under Preston Holder in the
fall of 1936. The site is a sand-filled burial mound that has previously been disturbed.
Holden found eight undisturbed burials, representing a minimum of 21 individuals, with
most interments under a shell covering. The ceramics at the site indicate that it dates to
the St. Catherines period (1100-1150 AD) (Larsen, 1982).
Fourteen individuals were analyzed from the Charlie King Mound site. Standard
aging and sexing techniques were employed (Buikstra and Ubelaker, 1994); all of the
individuals studied are adults and comprised one male, seven female and six of unknown
sex.
Cannons Point Site
Cannons Point Site is located at the northern aspect of St. Simons Island in Glynn
County, Georgia. The site was excavated by the WPA under Preston Holder in the
summer of 1936. He unearthed three burials and an assortment of isolated bones, which
are associated with St. Catherines period (1100-1150 AD) ceramics (Larsen, 1982).
From Cannons Point Site, a total of 9 adult individuals were analyzed, which are
comprised of 3 females and 6 of unknown sex.
Lake Spring Site
Lake Spring site is a shell midden in Columbia County, Georgia on the south
bank of the Savannah River. Burials are found at the base of the shell midden, and
therefore occur early during the sites occupation (Miller, 1949). The pottery artifacts
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indicate that this site is classic Stallings Culture, which dates to about 3700 BC
(Sassaman, 1998), prior to the St. Simons period (see Table 30).
Lake Spring site has a total of 6 adult individuals, all of which could be measured
and used in this study. Standard sexing techniques (Buikstra and Ubelaker, 1994) showed
that the sample consists of 3 males and 3 females.
AGRICULTURAL SITES
Agricultural sites are present after 1150 AD when there was a shift from smaller,
short term, dispersed villages to less mobile and higher density villages in which maize
became a large component of the diet (Larsen, 1982). For this study, the only agricultural
site that was studied was the large site of Irene Mound. See Figure 23 for location of
Irene Mound.
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Figure 25- Location of Agricultural Site on the Georgia Coast from Larsen, 1982
(reprinted with permission of the publisher)

Map of Georgia coast showing locations of agricultural mortuary sites (14 = Irene
Mound).
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Irene Mound Site
The Irene Mound site has been known since the founding of the Georgia colony.
It is located on a western bluff of the Savannah River in Chatham County. Multiple
excavations have been conducted, with a large portion excavated over two years,
beginning in 1937 by the WPA under Preston Holder, Vladimir J. Fewkes, Claude E.
Schaeffer and Joseph R Caldwell. A total of 256 burials were found during these
investigations. The ceramics present show that the site was used during the Savannah
(1150-1300 AD) and Irene Periods (1300-1550 AD), particularly the latter (Larsen,
1982).
Sixty-four males, 73 females and 21 individuals of unknown sex were analyzed
from the Irene Mound site, for a total of 157 individuals, all of which are adults.
MEASUREMENTS
For the Georgia coast samples, as many possible measurements from the total 29
were recorded. These variables included long bone lengths, midshaft dimensions,
articular dimensions, bi-iliac breadth, clavicluar and scapular dimensions. For Georgia
coast skeletons additional demographic data also had to be estimated. When possible age
and sex were evaluated using methods from Standards (Buikstra and Ubelaker, 1994). In
most cases, the only indicator of age was tooth wear, as the os coxae were rarely
preserved. For sex, the skull, any portion of the os coxae, and femoral head diameter
were used to estimate sex.
Further, BMI was utilized to compare individual’s weight values in order to
account for differences in weights at each height. This was needed as changes in weight
cannot be compared between time periods without normalizing by each individual’s
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estimated stature. The use of BMI was not an attempt to validate BMI as a measure of
health, but rather only a heuristic procedure to account for differences in weight when
height was taken into consideration. For the documented collections, which were used to
generate the body mass equations, known body mass and height were used to calculate
BMI. For the archaeological samples both stature and mass had to be estimated to predict
BMI. Body mass was estimated using the specific method being implemented (multiple
element model for both males and females and, for females only the Grine and colleagues
method (1995), and when appropriate, the single element models). Stature was estimated
using long bone lengths. The single element model was only utilized when all
measurements were not present to calculate the multiple element model. The measure
with the highest predictability for each sex was used first, followed by the second most,
and so on. Height estimates were calculated using equations created by Auerbach and
Ruff (2010), for Georgia populations, (see Table 31) and by Sciulli and colleagues (1990)
as well as Sciulli and Giesen (1993), which are specific to Eastern Woodland Native
Americans (see Table 32). Once heights and body weights were calculated an estimated
BMI value was determined for each individual. In some instances height could not be
determined due to lack of preservation of a long bone to measure. In these cases, the
individuals could not be used for the archaeological sample in the analysis.

Table 33-Auerbach and Ruff, 2010 Stature Estimation
Sex

Femur

Tibia

0.254*FBL + 52.85
0.302*TML + 51.66
Male
0.267*FBL + 44.8
0.296*TML + 52.3
Female
FBL= maximum femur length, TML= maximum tibia length
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Table 34- Sciulli and colleagues (1990) and Sciulli and Giesen (1993) Stature
estimation
Sex

Femur

Tibia

Humerus

Radius

Ulna

Male

2.47*XF

2.71*T

48.829

53.972

55.138

+41.47

+50.25

+3.229*XH

+3.943*XR

+3.66*XU

2.88*XF

3.41*T

62.36

73.945

76.588

+19.37

+24.19

+2.706*XH

+3.033*XR

+2.717*XU

2.98*XF

3.01*T

+16.58

+38.56

Female

Combined

XF= maximum femur length, T=tibia length, XH=maximum humerus length,
XR=maximum radius length, XU= maximum ulna length

HYPOTHESIS FOR THE GEORGIA COAST APPLICATION
QUESTION FOUR: A change in social stratification was evident through a
difference in mean, variance and/or distributions of body mass in the
Georgia coast populations.
With the switch to agriculture on the Georgia coast there was a dramatic change
in community organization (Larsen, 1982). This shift was primarily due to a change from
community sharing to a system where those of higher status possibly had less dependence
on their own levels of work or had more access to food. In some regions, it is not known
what the social status of individuals was as no grave goods were present. An analysis of
significant change in the variance and mean of body masses for each subsistence
grouping was performed, in order to test the hypothesis that body mass could be used as a
proxy for social stratification that was known to develop in this area at the transition to
agriculture. This serves as a test if variance, mean, and distribution of BMI could act as a
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proxy for the development of social stratification. The Georgia coast provided a good
test case since a large amount of information was known about the social status, health
and history of the region (Larsen, 1982; Thomas and Larsen, 1978).
In order to test if social stratification led to a change in the distribution of BMI
values, BMIs will be compared between the two subsistence strategies by sex. BMI was
calculated and applied to the archaeological remains to account for changes in weight that
were due to differences in height alone and do not reflect social levels. Heights for the
Georgia coast populations were calculated using Auerbach and Ruff’s (2010), Sciulli and
colleagues’ (1990) and Sciulli and Giessen’s (1993) equations, which were created for
Georgia Coast and Woodland Native Americans, respectively. ANOVA analyses were
utilized to determine if there was a significant difference in the means for the groups,
subdivided by sex. Changes in the spread of data about the mean, or the variance, were
tested using an F test. If no statistical difference was detected in mean or variance, the
distribution of the data was evaluated using the Kilmogorov-Smirnov test (Netel et al.,
1993) to determine distinction in the distribution spread was present. The sample size for
the pre-agricultural group was noticeably smaller than the agricultural group, and both
sample sizes were much smaller than anticipated, due to preservation of remains that
could be used to sex, estimate stature and calculate body mass were not always as
desired.

RESULTS
In order to test the hypothesis, BMI was calculated for each of the individuals of
known sex, as sex is a significant factor in determining body mass estimation in
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documented collections. BMI was again used to control for differences in body mass
directly due to possible differences in height. In order to calculate the height of the
Georgia coast individuals, equations were utilized, created by Auerbach and Ruff (2010),
Sciulli and colleagues (1990) and Sciulli and Giesen (1993), which are specific to
Georgia coast and southeastern Native Americans. Body mass was estimated using the
multiple element model first, if all of the skeletal elements in the equations were present
and measureable. When the elements were not, then the method of Grine and colleagues’
(1995) was applied for females only. Lastly the single element equations for the most
predictive variables (in order of decreasing predictive importance) within the multiple
element model were used for males and females whose mass could not be calculated with
the two previous methods.
Since the equations created for this study were based on a Bayesian approach,
which assumes that the population being studied was drawn from a population with the
same distribution as the reference. Since it cannot be tested if the body mass distributions
were similar, bony dimensions utilized in the study were compared visually. There did
not appear to be a significant difference in the spread of the prehistoric population versus
the modern population it is created from for the dependent variables, see Figures 26-32.
A comparison of single element body mass estimates for males and females between
inverse and classical calibration models were also calculated, see Appendix B. The
classical calibration model, due to the lack of bias and large confidence intervals, the
point estimates created by the models with this calibration approach, are not useful for
this current analysis.
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Figure 26- Femur Bicondylar Breadth in Males, Comparing Prehistoric and
Modern

Figure 27- Tibia Maximum Midshaft in Males, Comparing Prehistoric and Modern
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Figure 28- Femur Length in Males, Comparing Prehistoric and Modern

Figure 29- Femur Midshaft Medio-Lateral Dimension in Females, Comparing
Prehistoric and Modern
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Figure 30- Femoral Head in Females, Comparing Prehistoric and Modern

Figure 31- Humerus Epicondylar Breadth in Females, Comparing Prehistoric and
Modern
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Figure 32- Femur Length in Females, Comparing Prehistoric and Modern

ANOVA analysis was used to ascertain whether, for each sex, there was a
significant difference in the mean of hunter-gatherers and agriculturalists. The results
indicate that there is not a significant difference in the means for either sex when
comparing the periods before and after the transition in food acquisition. For males, there
are 8 pre-agriculturalists and 33 agricultural males present in the sample. The test of the
null hypothesis, that the two population means were not significantly different, is not
rejected (p-value=0.7602). The sample includes 15 pre-agricultural and 55 agricultural
females. For females the null hypothesis of equal means is also not rejected (pvalue=0.6547).
For females (Figure 32) the overall distributions of the BMI values are within the
same range, although the concentration is different. The means and medians for both time
periods are almost equivalent. The spread of the data points, however, differ for the two
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time periods. During the hunter-gatherer period the distance between the upper and lower
quartiles is much greater than during the agriculture period. Furthermore, there is a
grouping of outliers above the BMI level of 30 for agriculturalists. Unfortunately at the
Georgia coast sites there is no information from the burial contexts in regards to status.
This difference in variance was tested using the F-test. The results indicate that there is
no significant difference in the variance between the two time periods (p-value=0.4512).
For males (Figure 31) the differences in the spread of BMI values are distinct,
with a greater distribution in agriculturalists. However, a test of the variance using the Ftest showed that there is no significant difference in the variance (p-value=0.1976). This
may be in part due to the small sample size and the pull of the two outliers, one in each
time period. Again, these outliers cannot be correlated to higher status burials as there are
no grave goods indicating status at these sites. The difference in the spread of the data is
still apparent, with a larger range of overall BMIs present in the agricultural sample.
The range of BMI values between the upper and lower quartiles is also different.
With the larger spread in values between those two points being seen in hunter-gatherers,
while the larger range of values in the first and fourth quadrille (the upper and lower
25%) are more spread out in the agriculturalists.
Lastly, the distributions of the two populations were tested using the
Kolmogorov-Smirnov test, and the two distributions are not found to be significantly
different (p-value=0.8935 for males and p-value=0.8598 for females). Figure 35 and 36,
for males and females, respectively, show the distributions between the two subsistence
strategies for each sex.
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Figure 33- Male Distribution of BMI on the Georgia Coast by Subsistence Strategy
(Agriculturalists, n=33; Hunter-gatherers, n=8)

ag=Agriculturalists, hg= Hunter-Gatherers
The maximum value is represented by the top line, with the 75th and 25th percentile being
the top and bottom of the blue box, respectively. The median is represented by the middle
line in the blue box and the mean is the diamond shape. The lowest value is the lowest
line on the graph.
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Figure 34- Female BMI distribution on the Georgia Coast by Subsistence Strategy
(Agriculturalists, n=55; Hunter-gatherers, n=15)

ag=Agriculturalists, hg= Hunter-Gatherers
The maximum value is represented by the top line, with the 75th and 25th percentile being
the top and bottom of the blue box, respectively. The median is represented by the middle
line in the blue box and the mean is the diamond shape. The lowest value is the lowest
line on the graph.
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Figure 35- Male Distributions

Ag=Agriculturalists, Hg=Hunter-gatherers
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Figure 36- Female Distributions

Ag=Agriculturalist, Hg=Hunter-gatherers

It appears that with the switch to agriculture there are changes in the distribution
and concentration of BMI values for both males and females; however, these differences
are not statistically significant, and the null hypothesis could not be rejected. During
hunter-gatherer times, the range of values is more centered close to the mean and median,
with values above and below middle 50% of values being less likely. In contrast, during
the agricultural period, the distribution of BMI values which fall in the middle 50% are
more compact with a larger range of values in the upper and lower 25 percentile.
Although the means and variances within each sex are not significantly different between
subsistence strategies, the distribution and concentration of values are apparent visually.
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This suggests that perhaps statistically significant differences in the distributions cannot
be seen due to the small sample sizes, especially in the hunter-gatherer period.

DISCUSSION
Excavations and research involving the Georgia coast have a long history
(Thomas and Larsen, 1978). Studies involving this area have primarily involved the
switch to agriculture and the effects this change in subsistence caused on the population
and as a result, their skeletons. Skeletal measures of height, health and carious lesions
(Larsen, 1982) have focused on the subsistence change and the increase of maize in the
diet. This change involves a reduction in height, an increase in malnutrition, disease and
carious lesions (Larsen, 1982). These studies, however, have left out an important
individual human variable, body mass. This study, therefore, sought to discover if a shift
in social stratification could be determined using the body mass distribution of the
individuals of the population. It was expected that with a dramatic change in energy
output and a specificity of work, a change in body mass by height (BMI) would occur.
Those with more access to food will weigh more; those with less access will weigh less.
With the change to agriculture, there is an increase in maize in the region, contributing a
higher carbohydrate load (Larsen, 1982), and likely more calories. This suggests that
body mass and BMI will increase with more access to maize.
When BMI values, for males and females, were compared across subsistence
patterns, a definite pattern emerges. During the hunter-gathering period, the middle 50%
portion of data is more spread out, while values in the upper and lower quartiles of the
data are not very widely distributed. This pattern holds true for males and females. When
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the agricultural period was studied, a large distribution of data points is found. However,
the middle 50% of data is more condensed, with values for BMI in the upper and lower
quartiles being more spread out. Furthermore, for both the males and females during the
agricultural period, outliers are present above BMI=30. This is seen more dramatically,
however, in females than in males. In neither the males nor females are the mean BMI
values or the variance significantly different, yet visually these differences in distribution
are evident. The Kolmogorov-Smirnov test for distribution differences is also not
significantly different. These results indicate that although a visual distinction seems
present, it was not statistically significant.
This agricultural pattern of a more concentrated 50% portion of data, and a larger
spread of the upper and lower 25% quartiles, suggests similar access to food resources for
most individuals. Yet, preferred access to resources is suggested for some individuals
who constitute a number of outliers, especially for the females, with high BMIs. In
contrast, the hunter-gathering period shows a greater variability in the middle 50% spread
of data, with very little variation present in the upper and lower 25% quartiles. This
pattern change suggests that although there is more variation present in BMI values, for
the middle 50% quartiles, in hunter-gatherers, the variation present in the upper and
lower 25% quartiles is distributed quite differently during agricultural times. Yet again,
this visual distinction is not significant statistically.
For pre-1150 AD Georgia coast Native Americans, there does not appear to be
any evidence of chiefdoms. Instead the Georgia coast populations show evidence of
having lived in an egalitarian, band-level society until 1150 AD. After that point, there is
evidence of chiefdoms, with a ranked society (Thomas and Larsen, 1979). A band level
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society has open access to resources, allowing for greater variation in body mass, when
height is taken into consideration. After 1150 AD the addition of corn helps transform the
society into a chiefdom. Although most people continue to have equal access to
resources, a select few have more.
Previous research has noted a greater change in female health and stature during
this change (Larsen, 1982). This appeared to be reflected in body mass as well. Females
have a greater number of individuals with BMIs over 30 than do the males. This could be
due to a greater shift in mechanical stress, or more access to corn, and therefore
carbohydrates, than males. Research has shown that females have a higher rate of carious
lesions, suggesting higher proportion of corn in their diets since carbohydrates create an
environment conducive to forming caries (Larsen, 1982). Spanish and French reports
(Swanton 1942, 1946; Hudson, 1976) show that at the time of contact there is sexual
division of labor that includes procurement of resources, with males hunting and females
being in charge of agriculture. In other societies this division has meant that males
consume more meat while they were out on the hunt and less corn when back at the
village (Lee, 1968). This is not, however, supported by the distribution of BMI in females
in comparison to males. Females have multiple individuals with BMIs over 30 and
outliers, along with higher percentages of carious lesions (Larsen, 1982), but it is not
significantly different. Although females do experience a greater reduction in height with
the adoption of agriculture that the males (Larsen, 1982), perhaps in part due to the
poorer nutrition involved in a high corn diet, the body mass results are not affected. Since
this study utilizes BMI rather than body mass, height is already accounted for, and the
charts show distributions of individual’s body mass for their height.
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Unfortunately, this distinction in BMI values between hunter-gatherer and
agricultural times it is not significantly different for both males and females. This is
primarily due to the lack of an all-or-nothing switch to agriculture (Larsen, 1982) in the
region. The populations in the Georgia coast appear to have added corn to their diet after
1150 AD, but still relied highly upon marine resources (Larsen, 1982). This lack of a
comprehensive change in diet may in fact have muddled the differences between the
distributions of body masses used as a proxy for status in the two subsistence groups. As
both groups consumed meat and marine resources, the only difference between the two
groups is the addition of corn after 1150 AD. This addition may have differed by sex due
to the division of labor. This difference by sex is supported by the observations that
females have a greater reduction in height and a higher rate of carious lesions than males
after the switch (Larsen, 1982). This is further suggested by the visual spread of data in
which females have a greater distribution of BMI values when compared to men.
Furthermore, females also have a large number of upper limit outliers, with BMIs over
30. This may indicate that those females have higher social status and therefore more
access to resources, including corn. As corn is a carbohydrate, this increased access to
corn may lead to a higher BMI.
The small sample size may in fact be the reason for the inability to detect a
difference between the two subsistence patterns. This suggests that although body mass
does not appear to be an appropriate proxy for social status within this application, a
larger sample size may in fact improve these results. Therefore, further work needs to be
conducted on larger samples, areas that have an ―all or nothing‖ subsistence change, and
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regions where grave goods are associated with skeletons, so that body mass and goods
can be correlated directly.
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CHAPTER 7
CONCLUSION
The purpose of the current study was two-fold. First it was to create a new
individualized model for estimating body mass in an attempt to better current methods.
This involved creating and comparing the new model to current models used in biological
anthropology. The second purpose involved applying the most accurate and applicable
model(s) for estimating mass to individuals on the Georgia coast on either side of the
switch to an agricultural subsistence strategy. With the switch to agriculture, this region
underwent a social change that involved the intensification of social stratification.
However, there are no grave goods associated with the skeletal remains in this region,
therefore, status, on an individual level, cannot be determined. As a result, the purpose of
determining individualized body masses for hunter-gatherers and agriculturalist in this
region is to ascertain if the distribution of body mass could be used as a proxy for social
complexity.

BODY MASS ESTIMATION
Physical anthropologists discern lifestyle or patterns of activity from skeletal
remains. The skeleton is affected by the patterns of one’s lifestyle, or activity, and genetic
or epigenetic factors, including body mass (Ruff, 2000c). All of these factors place stress
upon the skeleton causing bone to remodel (Skerry, 1999). In order to fully ascertain the
effects of lifestyle on the skeleton, the effect of body mass is crucial. Different activities
and body masses can cause a multitude of forces on the skeleton. Regardless of how body
mass does in fact change the skeleton, it is necessary to use the most predictive variables
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to predict body mass and therefore produce a more complete full picture of an individual.
It is vital to have an accurate method of predicting body mass before any studies of
activity, as well as forensic and bioarchaeological, can be carried out successfully.
This was accomplished in the current study by creating a new multiple element
model to estimate mass. Three hypotheses were tested. 1) A multidimensional approach
to the estimation of body mass should offer a more reliable, replicable and accurate
prediction than currently utilized methods. If so, how many measurements of the skeleton
will contribute significantly to a better estimate of body mass? 2) Articular dimensions
should best estimated body mass by being chosen in the multiple element model. 3) The
lower limb dimensions should best estimated body mass by being chosen in the multiple
element model. The results showed that the new multiple element model chose four
significant variables for estimating mass in females, and three for males. In addition, in
both the males and females, three types of variables are selected: long bone length,
articular and diaphyseal dimensions from both the upper and lower body, although most
were from the lower region. The results of the tests of the three hypotheses show that
both articular and diaphyseal dimensions, as well as upper and lower skeletal measures
are necessary to predict mass, suggesting that no single type of dimension can produce
the best prediction.
Next body mass was compared to current models using predictive errors to
ascertain which model was better for individual mass estimation. The results indicate that
the model with the lowest predictive error and percentage of estimates over 10% error is
the multiple element model for both males and females; additionally, for females only,
Grine and colleagues’ (1995) method using femoral head diameter has a low predictive
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error and 10% error. Furthermore, since some archaeological remains do not preserve all
of the variables necessary to estimate mass from any of the current models or the multiple
element model, single element models were created.
For bioarchaeological and forensic applications further research is needed.
Bioarchaeological applications, however, can be implemented with reasonable assurance
that it will predict body mass more accurately than currently used methods. For forensic
applications there must be more research conducted before it can be applied as it needs
further tests before it can be applicable in court.

GEORGIA COAST APPLICATION
The Georgia coast has a long and intense history of archaeological and biological
anthropological studies concerning the consequences of the transition from huntergatherers to agriculturalists (Larsen, 1982). A subsistence strategy serves as a link
between the environment and the population and directly affects the group’s ability to
survive (Earle, 1980). Due to the connection between survival and subsistence strategy,
this set of behaviors and technology is of extreme importance to anthropologists and
understanding the complex and region specific effects that a change in subsistence has on
both culture and skeletal remains.
Previous research has shown a hunter-gatherer subsistence pattern dating to 2200
BC – 1150 AD, with a diet consisting of gathered plants, hunted animals, and shellfish.
At 1150 AD agricultural remnants, primarily that of maize, are evident in the
archaeological record. The consumption of maize continued from 1150 AD until the
point of contact. At the time of historic contact, maize was a substantial component of the
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diet for the inhabitants of this area (Thomas and Larsen, 1979; Larsen, 1982; Hutchinson
et al., 1998). This change in diet is associated with an increase in the population density
and a decrease in the space utilized (Larsen, 1982). Since the samples from each time
period at each site are limited, the skeleton samples were grouped by subsistence pattern.
This was facilitated by the fact that there does appear to be a uniform culture among these
populations, as determined by mortuary and ceramic practices (Larsen, 1982).
Hunter-gatherers are considered by some researchers to have led a more
physically taxing lifestyle (Larsen, 1982; Lieberman, 1993; Ruff et al., 1993; Larsen,
2002), while others believe agriculturalists have the more intense lifestyle (Sackett,
1996). Although variation exists among hunter-gatherers (Kelly, 1995; Larsen, 1995),
increased sedentism, increased population density, and higher disease load is believed to
have caused a decrease in health in North American populations with the switch to
agriculture (Armelegos, 1967; Larsen, 1995, 2003; Stekel and Rose, 2002). Previous
studies in the Georgia coast region suggest that there is a major decrease in the activities
of males, with little seen in females, which is in contrast to results from other regions,
such as Alabama (Ruff et al., 1984; Larsen et al., 1991). Hunter-gatherers also tend to be
taller than agriculturalists; this has been attributed to the lower disease load and better
nutrition of the group (Cook, 1972, 1984; Larsen, 1981, 1982, 1995; Cohen and
Armelagos, 1984). Questions have been raised in other regions, however, as to the
usefulness of assuming that all individuals underwent the same stressors, as culturally
based roles may have buffered some individuals from a portion of the physiological and
environmental stressors (Danforth, 1994, 1999), which would lead to a more stratified
society.
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The transition to agriculture provided the possibility that communities or
individuals could accumulate and store food and other goods. With the ability to store
food there is the potential to even out the seasonal shortages of food that many huntergatherers may experience. Food storage is also important in the development of a more
complex and stratified society. Without a capacity to produce a surplus of food, a
complex, stratified state-level society is not known to have developed. The access to food
resources can be affected by age, sex, and social status. Within some traditional societies
the additional access to food, and better quality of food (Danforth, 1999) led to those
individuals having more body mass than the other individuals within the group. As a
result, obesity has been viewed in traditional societies as a symbol of prosperity and
social status (Sobal, 1991). Therefore, the assessment of body mass within individuals
has the potential to illuminate the social complexity and asymmetry of the group
(Danforth, 1999). Since hunter-gatherers lack the ability to store food, individuals within
a hunter-gatherer society should all experience times of plenty and need, with no one
individual having more access to food resources and the ability to gain excess weight.
With the addition of certain individuals within a group enjoying greater success,
distinctions in health due to resource procurement may be evident. Since these
distinctions may not be become apparent until adulthood certain methods used to
distinguish social status, such as dental enamel hypoplasias (Larsen, 1995) may not be
useful (Danforth, 1999). Therefore, utilizing traits such as body mass to differentiate
between individuals’ social status is exceedingly important. It is thought that there was a
decrease in the overall health of individuals with the transition to agriculture in this
region (Larsen, 1981,1982) however, it is not known if there was a corresponding
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stratification of adequate nutrition and body mass in agricultural populations when
compared to hunter-gatherers. As a result, the final aim of this study was to apply new
and more accurate methods of body mass to individuals within the Georgia coast region
before and after the transition to agriculture.
Improved accuracy for estimates of body mass may make it possible to see social
stratification within agricultural populations that do not contain grave goods and serve as
an additional proxy for the development of social complexity and the emergence of elites.
To explore this further, the following hypothesis was tested: on the Georgia coast there
was a change in the mean, variance and/or distribution of body mass, when calculated on
an individual level between hunter-gatherers and agriculturalists.
The results from this application were only suggestive, however. The means,
variances and distributions of the male and female Georgia coast hunter-gatherers and
agriculturalists are not significantly different. Since a visual distinction is apparent it
suggests that perhaps the lack of significance is due in part to the small sample size.

FURTHER RESEARCH
The current research focused on the predictive abilities of individualized
regression equations, and an application of the appropriate models to the Georgia coast.
The results indicate the elements that are the most valuable at predicting body mass from
the skeleton and not how the bones are affected by mass, or how well this model will
work for other populations. Therefore, there are three future research avenues that should
be investigated.
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First, it is necessary to ascertain which elements actually are affected by the
changing of mass, and how long the skeleton takes to respond to these changes. This will
involve a longitudinal study with multiple MRI or CT scans while the patients lose
weight. Second, a test of the applicability of the current model to other known skeletal
populations, such as the ones in Coimbra, Portugual, the Institute of Anatomy in Aachen,
Germany, Pretoria Collection in South Africa and Chiang Mai University in Thailand.
Through tests of other known reference samples, that are unlike the American whites and
blacks of this study, it will be possible to test if the bones predicting body mass are
universal or population specific. Third, apply the application of using individualized body
masses to a prehistoric population with grave goods, to determine a more definite
correlation between larger body masses and higher status.
In conclusion, this study shows that for predicting individual body mass
estimates, the multiple element model is most accurate and useful for males and females,
while Grine and colleagues’ (1995) method is applicable for females only. Further, these
methods were applied to the prehistoric remains from the Georgia coast before and after
the switch to agriculturalism. Although a significant difference is not seen between preagricultural and agricultural groups, further analyses are warranted before using the
distribution of body mass as a proxy for social status are abandoned.
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Appendix A- Classical Calibration Single Element Models
This section reports on the predictive equations for predicting body mass with
associated error and R2 value.
Figure A1- Males
Sex
M
M
M
M
M
M
M
M
M
M
M
M
M
M
M
M
M
M
M
M
M
M
M
M
M
M
M
M
M
M

Bone
Bi-iliac breadth
Clavicle length
Femur bicondylar
breadth
Femur head
Femur length
Femur midshaft AP
Femur midshaft ML
Femur subtrochanteric
AP
Femur subtrochanteric
ML
Humerus epicondylar
Humerus head
Humerus length
Humerus midshaft max
Humerus midshaft min
Radius length
Radius midshaft max
Radius midshaft min
Scapula breadth
Scapula height
Subtrochanteric area
Tibia length
Tibia length no mal
Tibia midshaft max
Tibia midshaft min
Tibia plateau max
Tibia plateau min
Ulna length
Ulna Midshaft Min
Ulna- No stylus
Ulna-Midshaft max

Equation
3.2177*X - 806.1415
2.7732*X - 368.3464

SEE
9.57014
4.47493

R2
0.0173
0.107

6.1263*X - 455.0649
10.8790*X - 460.9465
0.5451*X - 191.8023
12.6904*X - 315.7171
25.4842*X - 683.1435

2.00071
1.28375
12.606
1.22967
1.22929

0.1023
0.0808
0.2605
0.0653
0.017

15.3516*X - 370.5765

1.08129

0.0583

20.2675*X - 582.8277
11.9689*X - 712.2349
8.9960*X - 371.5919
0.83596*X - 215.9929
29.4118*X - 643.1156
24.1022*X - 404.0439
1.0209*X - 195.9875
69.3481*X - 1092.5680
45.4752*X - 507.2028
4.3307*X -410.9233
2.7608*X - 385.8609
0.3436*X - 245.8711
0.5635*X -153.6944
0.5954*X - 161.0095
12.4008*X -329.5226
18.3419*X - 349.5499
10.0462*X -718.3087
9.214*X -449.0814
1.0454*X - 221.6581
54.9451*X -679.2654
1.0240*X -212.0102
89.6057*X -1555.6371

1.47637
1.71908
1.33074
8.99434
0.0204
0.90322
7.44888
0.77159
0.52231
3.14134
5.33633
65.73031
11.94571
11.67191
1.13752
1.02652
4.52371
1.65162
7.814
0.63049
7.62419
0.77816

0.0188
0.0379
0.1125
0.2269
0.96271
0.034
0.2233
0.0058
0.0286
0.085
0.0891
0.0324
0.2743
0.2605
0.0799
0.0465
0.0214
0.0872
0.201
0.0137
0.2152
0.0034

194

Figure A2-Females
Sex
F
F
F
F
F
F
F
F
F
F
F
F
F
F
F
F
F
F
F
F
F
F
F
F
F
F
F
F
F
F

Bone
Bi-iliac breadth
Clavicle length
Femur bicondylar
breadth
Femur head
Femur length
Femur midshaft AP
Femur midshaft ML
Femur subtrochanteric
AP
Femur subtrochanteric
ML
Humerus epicondylar
Humerus head
Humerus length
Humerus midshaft max
Humerus midshaft min
Radius length
Radius midshaft max
Radius midshaft min
Scapula breadth
Scapula height
Subtrochanteric area
Tibia length
Tibia length no mal
Tibia midshaft max
Tibia midshaft min
Tibia plateau max
Tibia plateau min
Ulna length
Ulna Midshaft Min
Ulna- No stylus
Ulna-Midshaft max

Equation
1.6123*X - 368.8165
10.26*X - 1379.2264

SEE
22.1837
9.63819

R2
0.0293
0.0043

4.6064*X - 288.0147
5.0857*X - 157.3605
0.53954*X - 176.14056
16.3291*X - 380.5656
7.3486*X - 131.5537

3.76833
2.43461
22.9832
2.26359
2.20521

0.118
0.2097
0.2008
0.0278
0.1293

46.1042*X - 1119.7487

2.26277

0.0036

6.0920*X - 111.5251
11.0461*X - 565.4950
6.7581*X - 227.8648
0.8224*X - 193.1493
12.07146*X - 189.7939
11.3263*X - 124.1491
1.3961*X - 261.9699
11.1557*X - 100.3387
24.975*X - 197.1656
2.6556*X -196.4921
3.3897*X - 421.7726
0.2057*X - 88.3897
0.7844*X -221.1821
0.7456*X - 199.771
90.6618*X -2448.1478
15.1999*X - 245.2277
5.0093*X -290.9704
9.16*X -390.1620
1.2927*X - 260.9194
17.0329*X -124.6913
1.3531*X -271.5849
14.708*X -166.1383

2.44782
3.64213
2.66491
16.7354
1.90244
1.72589
15.2227
1.64711
0.90832
5.23111
9.86191
97.9901
26.1651
25.7352
2.41044
1.70564
5.36961
2.79654
16.2721
1.18772
15.6098
1.58568

0.1493
0.0238
0.1112
0.1694
0.0682
0.0918
0.0804
0.1047
0.0713
0.1752
0.0386
0.0876
0.0848
0.0966
0.0008
0.0555
0.1303
0.0769
0.0824
0.0863
0.0807
0.0663
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Appendix B- Classical versus Inverse Calibration Single Element Estimations
This section reports on the point estimates created using the single estimate
models for both classical and inverse calibration models.
Figure B1- Femur Length. 1=Male, 2=Female.
Sex
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
2
2
2
2
2
2

Femur Length
Inverse
Classical
386.5
53.672575
18.87885
408
56.72536
30.5985
410
57.00934
31.6887
420.5
58.500235
37.41225
425
59.13919
39.8652
425.5
59.210185
40.13775
427.5
59.494165
41.22795
431.5
60.062125
43.40835
434
60.4171
44.7711
434.5
60.488095
45.04365
436
60.70108
45.8613
436
60.70108
45.8613
440
61.26904
48.0417
440.5
61.340035
48.31425
441
61.41103
48.5868
447
62.26297
51.8574
450
62.68894
53.4927
452
62.97292
54.5829
453
63.11491
55.128
456.5
63.611875
57.03585
456.5
63.611875
57.03585
457
63.68287
57.3084
458.5
63.895855
58.12605
458.5
63.895855
58.12605
460
64.10884
58.9437
460
64.10884
58.9437
460.5
64.179835
59.21625
463
64.53481
60.579
468
65.24476
63.3045
470
65.52874
64.3947
471.5
65.741725
65.21235
497
69.36247
79.1124
376.5
81.40865
26.99621
379.5
81.95795
28.61483
381.5
82.32415
29.69391
382.5
82.50725
30.23345
385.5
83.05655
31.85207
388.5
83.60585
33.47069
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2
2
2
2
2
2
2
2
2
2
2
2
2
2
2
2
2
2
2
2
2
2
2
2
2
2
2
2
2
2
2
2
2
2
2
2
2
2
2
2
2
2
2
2

392.5
396
398
399
400
400
402.5
403.5
404
405
406.5
407
407
407.5
408
409.5
410
411
414
417.5
418.5
419.5
419.5
421.5
422
424
424.5
424.5
426
426.5
427
427.5
428.5
429
432
432
434.5
435.5
436
444
446
455
455
458.5

84.33825
84.9791
85.3453
85.5284
85.7115
85.7115
86.16925
86.35235
86.4439
86.627
86.90165
86.9932
86.9932
87.08475
87.1763
87.45095
87.5425
87.7256
88.2749
88.91575
89.09885
89.28195
89.28195
89.64815
89.7397
90.1059
90.19745
90.19745
90.4721
90.56365
90.6552
90.74675
90.92985
91.0214
91.5707
91.5707
92.02845
92.21155
92.3031
93.7679
94.1341
95.782
95.782
96.42285
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35.62885
37.51724
38.59632
39.13586
39.6754
39.6754
41.02425
41.56379
41.83356
42.3731
43.18241
43.45218
43.45218
43.72195
43.99172
44.80103
45.0708
45.61034
47.22896
49.11735
49.65689
50.19643
50.19643
51.27551
51.54528
52.62436
52.89413
52.89413
53.70344
53.97321
54.24298
54.51275
55.05229
55.32206
56.94068
56.94068
58.28953
58.82907
59.09884
63.41516
64.49424
69.3501
69.3501
71.23849

Figure B2- Femoral Head Diameter. 1=Male, 2=Female.
Femoral Head
Diameter

Sex
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1

Inverse
38.73
38.73
39.15
39.18
39.84
39.88
39.9
39.95
40.57
40.69
40.84
41.19
41.28
41.46
41.6
41.99
42.13
42.15
42.4
42.56
42.65
42.69
42.98
43.15
43.16
43.21
43.27
43.3
43.39
43.46
43.5
43.63
43.98
44.06
44.44
44.58

57.5254688
57.5254688
57.894464
57.9208208
58.5006704
58.5358128
58.553384
58.597312
59.1420192
59.2474464
59.3792304
59.6867264
59.7657968
59.9239376
60.046936
60.3895744
60.5125728
60.530144
60.749784
60.8903536
60.969424
61.0045664
61.2593488
61.408704
61.4174896
61.4614176
61.5141312
61.540488
61.6195584
61.6810576
61.7162
61.8304128
62.1379088
62.2081936
62.5420464
62.6650448
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Classical
-39.60283
-39.60283
-35.03365
-34.70728
-27.52714
-27.09198
-26.8744
-26.33045
-19.58547
-18.27999
-16.64814
-12.84049
-11.86138
-9.90316
-8.3801
-4.13729
-2.61423
-2.39665
0.3231
2.06374
3.04285
3.47801
6.63292
8.48235
8.59114
9.13509
9.78783
10.1142
11.09331
11.85484
12.29
13.70427
17.51192
18.38224
22.51626
24.03932

1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
2
2
2
2
2
2
2
2
2
2
2
2
2
2
2
2
2
2
2

44.72
44.83
44.92
45.03
45.05
45.06
45.34
45.38
45.39
45.57
45.64
45.83
46.16
46.3
46.55
46.59
46.61
46.62
46.84
47.01
47.32
48
48.66
48.98
49.17
34.39
35.09
35.57
35.87
36.13
36.25
36.4
36.51
36.72
36.76
36.82
36.88
36.89
36.92
36.98
37.13
37.17
37.17
37.52

62.7880432
62.8846848
62.9637552
63.0603968
63.077968
63.0867536
63.3327504
63.3678928
63.3766784
63.5348192
63.5963184
63.7632448
64.0531696
64.176168
64.395808
64.4309504
64.4485216
64.4573072
64.6505904
64.7999456
65.0722992
65.66972
66.2495696
66.5307088
66.6976352
51.1753866
51.9026446
52.4013358
52.7130178
52.9831422
53.107815
53.263656
53.3779394
53.5961168
53.6376744
53.7000108
53.7623472
53.7727366
53.8039048
53.8662412
54.0220822
54.0636398
54.0636398
54.4272688
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25.56238
26.75907
27.73818
28.93487
29.15245
29.26124
32.30736
32.74252
32.85131
34.80953
35.57106
37.63807
41.22814
42.7512
45.47095
45.90611
46.12369
46.23248
48.62586
50.47529
53.84778
61.2455
68.42564
71.90692
73.97393
17.536753
21.096743
23.537879
25.063589
26.385871
26.996155
27.75901
28.318437
29.386434
29.589862
29.895004
30.200146
30.251003
30.403574
30.708716
31.471571
31.674999
31.674999
33.454994

2
2
2
2
2
2
2
2
2
2
2
2
2
2
2
2
2
2
2
2
2
2
2
2
2
2
2
2
2
2
2
2
2
2
2
2
2
2
2
2
2
2
2
2

37.64
37.71
37.87
37.93
38
38.03
38.13
38.16
38.21
38.24
38.42
38.62
38.62
38.87
38.91
39.01
39.06
39.11
39.26
39.27
39.28
39.31
39.38
39.38
39.44
39.6
39.62
39.69
39.8
39.81
39.89
39.95
40
40.26
40.32
40.44
40.46
40.5
40.5
40.5
40.61
40.62
40.78
40.87

54.5519416
54.6246674
54.7908978
54.8532342
54.92596
54.9571282
55.0610222
55.0921904
55.1441374
55.1753056
55.3623148
55.5701028
55.5701028
55.8298378
55.8713954
55.9752894
56.0272364
56.0791834
56.2350244
56.2454138
56.2558032
56.2869714
56.3596972
56.3596972
56.4220336
56.588264
56.6090428
56.6817686
56.796052
56.8064414
56.8895566
56.951893
57.00384
57.2739644
57.3363008
57.4609736
57.4817524
57.52331
57.52331
57.52331
57.6375934
57.6479828
57.8142132
57.9077178
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34.065278
34.421277
35.234989
35.540131
35.89613
36.048701
36.557271
36.709842
36.964127
37.116698
38.032124
39.049264
39.049264
40.320689
40.524117
41.032687
41.286972
41.541257
42.304112
42.354969
42.405826
42.558397
42.914396
42.914396
43.219538
44.03325
44.134964
44.490963
45.05039
45.101247
45.508103
45.813245
46.06753
47.389812
47.694954
48.305238
48.406952
48.61038
48.61038
48.61038
49.169807
49.220664
50.034376
50.492089

2
2
2
2
2
2
2
2
2
2
2
2
2
2
2
2
2

40.88
40.92
41.4
41.4
41.42
41.57
41.6
41.73
42.17
42.33
42.51
42.59
42.74
43.07
43.13
44.44
45.61

57.9181072
57.9596648
58.458356
58.458356
58.4791348
58.6349758
58.666144
58.8012062
59.2583398
59.4245702
59.6115794
59.6946946
59.8505356
60.1933858
60.2557222
61.6167336
62.8322934

50.542946
50.746374
53.18751
53.18751
53.289224
54.052079
54.20465
54.865791
57.103499
57.917211
58.832637
59.239493
60.002348
61.680629
61.985771
68.648038
74.598307

Figure B3- Femur Midshaft Medio-Lateral. 1=Male, 2=Female.
Sex
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1

Femur Midshaft ML Inverse
Classical
21.34
62.323321
-139.31067
21.75
62.5013225
-128.86215
22.4
62.78352
-112.29742
23.15
63.1091325
-93.18427
23.48
63.252402
-84.774484
23.48
63.252402
-84.774484
23.92
63.443428
-73.561436
24.04
63.495526
-70.503332
24.2
63.56499
-66.42586
24.4
63.65182
-61.32902
24.46
63.677869
-59.799968
24.49
63.6908935
-59.035442
24.6
63.73865
-56.23218
24.76
63.808114
-52.154708
24.77
63.8124555
-51.899866
24.84
63.842846
-50.115972
25.48
64.120702
-33.806084
25.75
64.2379225
-26.92535
25.79
64.2552885
-25.905982
25.8
64.25963
-25.65114
25.94
64.320411
-22.083352
26.91
64.7415365
2.636322
26.91
64.7415365
2.636322
201

1
1
1
1
1
1
1
1
2
2
2
2
2
2
2
2
2
2
2
2
2
2
2
2
2
2
2
2
2
2
2
2
2
2
2
2
2
2
2
2
2
2
2
2
2

26.93
27.17
27.32
27.39
27.91
28.46
28.51
28.92
21.31
21.31
21.43
21.43
21.45
21.75
21.92
22
22.17
22.17
22.19
22.25
22.35
22.43
22.51
22.51
22.66
22.73
22.78
22.82
22.94
23.12
23.12
23.21
23.34
23.36
23.51
23.51
23.66
23.74
23.77
23.81
23.85
23.88
23.89
24.02
24.18

64.7502195
64.8544155
64.919538
64.9499285
65.1756865
65.414469
65.4361765
65.614178
55.8238173
55.8238173
55.9255569
55.9255569
55.9425135
56.1968625
56.3409936
56.40882
56.5529511
56.5529511
56.5699077
56.6207775
56.7055605
56.7733869
56.8412133
56.8412133
56.9683878
57.0277359
57.0701274
57.1040406
57.2057802
57.3583896
57.3583896
57.4346943
57.5449122
57.5618688
57.6890433
57.6890433
57.8162178
57.8840442
57.9094791
57.9433923
57.9773055
58.0027404
58.0112187
58.1214366
58.2570894
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3.146006
9.262214
13.084844
14.868738
28.120522
42.136832
43.411042
53.859564
25.044966
25.044966
25.926798
25.926798
26.07377
28.27835
29.527612
30.1155
31.364762
31.364762
31.511734
31.95265
32.68751
33.275398
33.863286
33.863286
34.965576
35.479978
35.847408
36.141352
37.023184
38.345932
38.345932
39.007306
39.962624
40.109596
41.211886
41.211886
42.314176
42.902064
43.122522
43.416466
43.71041
43.930868
44.004354
44.959672
46.135448

2
2
2
2
2
2
2
2
2
2
2
2
2
2

24.21
24.22
24.29
24.29
24.38
24.41
24.49
24.9
25.16
25.22
25.54
25.89
26.03
26.06

58.2825243
58.2910026
58.3503507
58.3503507
58.4266554
58.4520903
58.5199167
58.867527
59.0879628
59.1388326
59.4101382
59.7068787
59.8255749
59.8510098

46.355906
46.429392
46.943794
46.943794
47.605168
47.825626
48.413514
51.42644
53.337076
53.777992
56.129544
58.701554
59.730358
59.950816

Figure B4- Femur Bicondylar Breadth. 1=Male, 2=Female.
Sex
1
1
1
1
1
1
1
1
1
1
1
2
2
2
2
2
2
2
2
2
2
2
2
2

Femur Bicondylar
Breadth
70.02
70.11
73.62
75.8
76.11
76.86
77.19
78.13
79.96
81.04
81.57
61.51
61.99
65.31
66.77
67.73
67.87
68.99
69.69
71.64
72.45
73.32
74.43
76.26

Inverse

Classical

56.3983198
56.4547489
58.6554838
60.022322
60.2166889
60.6869314
60.8938381
61.4832087
62.6306004
63.3077496
63.6400543
53.0900542
53.3220958
54.9270502
55.6328434
56.0969266
56.1646054
56.7060358
57.0444298
57.9870988
58.378669
58.7992444
59.3358406
60.2204992

-26.101374
-25.550007
-4.046694
9.30864
11.207793
15.802518
17.824197
23.582919
34.794048
41.410452
44.657391
-4.675036
-2.463964
12.829284
19.554628
23.976772
24.621668
29.780836
33.005316
41.987796
45.71898
49.726548
54.839652
63.269364
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Figure B5- Tibia Midshaft Maximum. 1=Male, 2=Female.
Sex Tibia Midshaft Maximum
Inverse
Classical
1
25.43 59.5638726
-14.170256
1
25.46 59.5935972
-13.798232
1
27.31 61.4266142
9.143248
1
28.54 62.6453228
24.396232
1
29.02 63.1209164
30.348616
1
29.15
63.249723
31.96072
1
29.64 63.7352248
38.037112
1
29.66 63.7550412
38.285128
1
29.74 63.8343068
39.277192
1
29.84 63.9333888
40.517272
1
30.22 64.3099004
45.229576
1
30.4
64.488248
47.46172
1
31.43 65.5087926
60.234544
1
31.46 65.5385172
60.606568
1
32.55
66.618511
74.12344
1
32.55
66.618511
74.12344
1
32.8
66.866216
77.22364
1
33.05
67.113921
80.32384
1
33.11 67.1733702
81.067888
1
33.44 67.5003408
85.160152
1
33.63 67.6885966
87.516304
1
33.74 67.7975868
88.880392
1
33.91 67.9660262
90.988528
1
34.14 68.1939148
93.840712
1
34.64 68.6893248
100.041112
1
36.34 70.3737188
121.122472
2
22.24
59.60631
-431.829368
2
22.79 59.6287225
-381.965378
2
23.81 59.6702875
-289.490342
2
24.05 59.6800675
-267.73151
2
24.31 59.6906625
-244.159442
2
24.37 59.6931075
-238.719734
2
24.53 59.6996275
-224.213846
2
24.57 59.7012575
-220.587374
2
24.89 59.7142975
-191.575598
2
25.24
59.72856
-159.843968
2
25.45 59.7371175
-140.80499
2
25.48
59.73834
-138.085136
2
25.52
59.73997
-134.458664
2
25.56
59.7416
-130.832192
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2
2
2
2
2
2
2
2
2
2
2
2
2
2
2
2
2
2
2
2
2
2
2

25.68
25.85
26.55
26.85
27.11
27.27
27.35
27.47
27.94
28.06
28.32
28.34
28.65
28.81
29.4
29.67
29.68
29.99
30.44
30.51
31
31.37
34.21

59.74649
59.7534175
59.7819425
59.7941675
59.8047625
59.8112825
59.8145425
59.8194325
59.838585
59.843475
59.85407
59.854885
59.8675175
59.8740375
59.89808
59.9090825
59.90949
59.9221225
59.94046
59.9433125
59.96328
59.9783575
60.0940875

-119.952776
-104.54027
-41.07701
-13.87847
9.693598
24.199486
31.45243
42.331846
84.942892
95.822308
119.394376
121.207612
149.31277
163.818658
217.30912
241.787806
242.694424
270.799582
311.597392
317.943718
362.368
395.912866
653.392378

Figure B6- Humerus Epicondylar Breadth. 1=Male, 2=Female.
Sex Humerus Epicondylar Breadth
Inverse
Classical
1
52.63
59.4026865
-82.311693
1
54.01
60.0285855
-65.794611
1
55.69
60.7905495
-45.686859
1
56.06
60.958363
-41.258366
1
56.21
61.0263955
-39.463031
1
56.66
61.230493
-34.077026
1
56.77
61.2803835
-32.760447
1
56.89
61.3348095
-31.324179
1
57
61.3847
-30.0076
1
57.51
61.6160105
-23.903461
1
57.61
61.6613655
-22.706571
1
57.85
61.7702175
-19.834035
1
58.08
61.874534
-17.081188
1
58.21
61.9334955
-15.525231
1
58.6
62.11038
-10.85736
1
58.69
62.1511995
-9.780159
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1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
2
2
2
2
2
2
2
2
2
2
2
2
2
2
2
2
2
2
2
2
2
2
2
2

58.91
59.04
59.12
59.39
59.43
59.96
60.25
60.73
60.84
60.91
61.32
61.57
61.76
62.35
62.69
62.81
64.17
64.87
65.24
65.76
46.94
46.97
47.59
48.11
48.67
48.93
49.03
49.31
49.45
49.76
49.85
50.06
50.33
50.8
51.2
51.48
51.57
51.58
51.69
51.93
51.96
51.96
51.97
52.08

62.2509805
62.309942
62.346226
62.4686845
62.4868265
62.727208
62.8587375
63.0764415
63.126332
63.1580805
63.344036
63.4574235
63.543598
63.8111925
63.9653995
64.0198255
64.6366535
64.9541385
65.121952
65.357798
57.4092428
57.4168664
57.5744208
57.7065632
57.8488704
57.9149416
57.9403536
58.0115072
58.047084
58.1258612
58.148732
58.2020972
58.2707096
58.390146
58.491794
58.5629476
58.5858184
58.5883596
58.6163128
58.6773016
58.6849252
58.6849252
58.6874664
58.7154196
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-7.147001
-5.591044
-4.633532
-1.401929
-0.923173
5.420344
8.891325
14.636397
15.952976
16.790799
21.698048
24.690273
26.964364
34.026015
38.095441
39.531709
55.809413
64.187643
68.616136
74.839964
-46.991066
-46.659683
-39.811101
-34.067129
-27.881313
-25.009327
-23.904717
-20.811809
-19.265355
-15.841064
-14.846915
-12.527234
-9.544787
-4.35312
0.06532
3.158228
4.152377
4.262838
5.477909
8.128973
8.460356
8.460356
8.570817
9.785888

2
2
2
2
2
2
2
2
2
2
2
2
2
2
2
2
2
2
2
2
2
2
2
2
2
2
2
2
2

52.22
52.27
52.9
52.99
53.08
53.13
53.87
53.97
54.03
54.07
54.07
54.24
54.34
54.36
54.4
54.87
55.15
55.29
55.62
55.67
55.88
56.1
56.44
57.18
57.71
58.81
59.22
60.68
61.3

58.7509964
58.7637024
58.923798
58.9466688
58.9695396
58.9822456
59.1702944
59.1957064
59.2109536
59.2211184
59.2211184
59.2643188
59.2897308
59.2948132
59.304978
59.4244144
59.495568
59.5311448
59.6150044
59.6277104
59.6810756
59.736982
59.8233828
60.0114316
60.1461152
60.4256472
60.5298364
60.9008516
61.058406
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11.332342
11.884647
18.84369
19.837839
20.831988
21.384293
29.558407
30.663017
31.325783
31.767627
31.767627
33.645464
34.750074
34.970996
35.41284
40.604507
43.697415
45.243869
48.889082
49.441387
51.761068
54.19121
57.946884
66.120998
71.975431
84.126141
88.655042
104.782348
111.63093

Appendix C- Graphs and Fit Diagnostics of Single Element (Inverse and Classical
Calibration) and Multiple Element Models
This section provides the fit diagnostics and graphs for the single element models
of body mass estimation for both the inverse and classical calibration methods.
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Figure C1- Bi-iliac Breadth for Males, Inverse Calibration

209

Figure C2- Bi-iliac Breadth for Males, Classical Calibration
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Figure C3- Bi-iliac Breadth for Females, Inverse Calibration
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Figure C4- Bi-iliac Breadth for Females, Classical Calibration
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Figure C5- Clavicle Length for Males, Inverse Calibration

213

Figure C6- Clavicle Length for males, Classical calibration
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Figure C7- Clavicle Length for Females, Inverse Calibration
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Figure C8- Clavicle Length for Females, Classical Calibration
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Figure C9- Femur Bicondylar Breadth for Males, Classical Calibration

217

Figure C10-Femur Bicondylar Breadth for Males, Inverse Calibration
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Figure C11-Femur Bicondylar Breadth for Females, Classical Calibration
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Figure C12-Femur Bicondylar Breadth for Females, Inverse Calibration

220

Figure C13- Femur Head for Males, Classical Calibration

221

Figure C14-Femur Head for Males, Inverse Calibration
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Figure C15- Femur Head for Females, Classical Calibration
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Figure C16- Femur Head for Females, Inverse Calibration
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Figure C17-Femur Length for Males, Classical Calibration
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Figure C18- Femur Length for Males, Inverse Calibration
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Figure C19-Femur Length for Females, Classical Calibration
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Figure C20-Femur Length for Females, Inverse Calibration
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Figure C21- Femur Midshaft AP for Males, Classical Calibration
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Figure C22-Femur Midshaft AP for Males, Inverse Calibration
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Figure C23 –Femur Midshaft AP for Females, Classical Calibration
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Figure C24- Femur Midshaft AP for Females, Inverse Calibration
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Figure C25- Femur Midshaft ML for Males, Classical Calibration
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Figure C26-Femur Midshaft ML for Males, Inverse Calibration
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Figure C27-Femur Midshaft ML for Females, Classical Calibration
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Figure C28-Femur Midshaft ML for Females, Inverse Calibration
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Figure C29- Femur Subtrochanteric AP for Males, Classical Calibration
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Figure C30- Femur Subtrochanteric AP for Males, Inverse Calibration
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Figure C31- Femur Subtrochanteric AP for Females, Classical Calibration

239

Figure C32- Femur Subtrochanteric AP for Females, Inverse Calibration
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Figure C33- Femur Subtrochanteric ML for Males, Classical Calibration
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Figure C34- Femur Subtrochateric ML for Males, Inverse Calibration
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Figure C35- Femur Subtrochanteric ML for Females, Classic Calibration
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Figure C36- Femur Subtrochanteric ML for Females, Inverse Calibration
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Figure C37-Humerus Epicondylar Breadth for Males, Classical Calibration
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Figure C38-Humerus Epicondylar Breadth for Males, Inverse Calibration
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Figure C39- Humerus Epicondylar Breadth for Females, Classical Calibration
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Figure C40-Humerus Epicondylar Breadth for Females, Inverse Calibration
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Figure C41-Humerus Head for Males, Classical Calibration
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Figure C42-Humerus Head for Males, Inverse Calibration
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Figure C43-Humerus Head for Females, Classical Calibration
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Figure C44-Humerus Head for Females, Inverse Calibration
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Figure C45- Humerus Length for Males, Classical Calibration
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Figure C46- Humerus Length for Males, Inverse Calibration

254

Figure C47-Humerus Length for Females, Classical Calibration
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Figure C48- Humerus Length for Females, Inverse Calibration
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Figure C49 – Humerus Midshaft Maximum for Males, Classical Calibration
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Figure C50-Humerus Midshaft Maximum for Males, Inverse Calibration
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Figure C51- Humerus Midshaft Maximum for Females, Classical Calibration
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Figure C52-Humerus Midshaft Maximum for Females, Inverse Calibration
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Figure C53-Humerus Midshaft Minimum for Males, Classical Calibration
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Figure C54- Humerus Midshaft Minimum for Males, Inverse Calibration
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Figure C55-Humerus Midshaft Minimum for Females, Classical Calibration
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Figure C56-Humerus Midshaft Minimum for Females, Inverse Calibration
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Figure C57- Radius Length for Males, Classical Calibration
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Figure C58- Radius Length for Males, Inverse Calibration

266

Figure C59-Radius Length for Females, Classical Calibration

267

Figure C60- Radius Length for Females, Inverse Calibration
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Figure C61- Radius Midshaft Maximum for Males, Classical Calibration

269

Figure C62- Radius Midshaft Maximum for Males, Inverse Calibration

270

Figure C63- Radius Midshaft Maximum for Females, Classical Calibration

271

Figure C64- Radius Midshaft Maximum for Females, Inverse Calibration

272

Figure C65- Radius Midshaft Minimum for Males, Classical Calibration
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Figure C66- Radius Midshaft Minimum for Males, Inverse Calibration
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Figure C67- Radius Midshaft Minimum for Females, Classical Calibration
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Figure C68- Radius Midshaft Minimum for Females, Inverse Calibration
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Figure C69-Scapula Breadth for Males, Classical Calibration
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Figure C70-Scapula Breadth for Males, Inverse Calibration

278

Figure C71- Scapula Breadth for Females, Classical Calibration
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Figure C72- Scapula Breadth for Females, Inverse Calibration
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Figure C73- Scapula Height for Males, Classical Calibration
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Figure C74- Scapula Height for Males, Inverse Calibration
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Figure C75-Scapula Height for Females, Classical Calibration
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Figure C76- Scapula Height for Females, Inverse Calibration

284

Figure C77- Femur Subtrochanteric Area (MLxAP) for Males, Classical Calibration
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Figure C78- Femur Subtrochanteric Area (MLxAP) for Males, Inverse Calibration
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Figure C79- Femur Subtrochanteric Area (MLxAP) for Females, Classical Calibration
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Figure C80- Femur Subtrochanteric Area (MLxAP) for Females, Inverse Calibration
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Figure C81- Tibia Length for Males, Classical Calibration
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Figure C82- Tibia Length for Males, Inverse Calibration
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Figure C83- Tibia Length for Females, Classical Calibration
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Figure C84- Tibia Length for Females, Inverse Calibration

292

Figure C85- Tibia Length with No Malleolus for Males, Classical Calibration
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Figure C86- Tibia Length with No Malleolus for Males, Inverse Calibration
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Figure C87- Tibia Length with No Malleolus for Females, Classical Calibration
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Figure C88- Tibia Length with No Malleolus for Females, Inverse Calibration
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Figure C89- Tibia Midshaft Maximum for Males, Classical Calibration
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Figure C90- Tibia Midshaft Maximum for Males, Inverse Calibration
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Figure C91- Tibia Midshaft Maximum for Females, Classical Calibration
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Figure C92- Tibia Midshaft Maximum for Females, Inverse Calibration
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Figure C93- Tibia Midshaft Minimum for Males, Classical Calibration
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Figure C94- Tibia Midshaft Minimum for Males, Inverse Calibration

302

Figure C95- Tibia Midshaft Minimum for Females, Classical Calibration
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Figure C96- Tibia Midshaft Minimum for Females, Inverse Calibration
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Figure C97- Tibia Plateau Maximum for Males, Classical Calibration
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Figure C98- Tibia Plateau Maximum for Males, Inverse Calibration
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Figure C99- Tibia Plateau Maximum for Females, Classical Calibration

307

Figure C100- Tibia Plateau Maximum for Females, Inverse Calibration
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Figure C101- Tibia Plateau Minimum for Males, Classical Calibration
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Figure C102- Tibia Plateau Minimum for Males, Inverse Calibration
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Figure C103- Tibia Plateau Minimum for Females, Classical Calibration
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Figure C104- Tibia Plateau Minimum for Females, Inverse Calibration
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Figure C105- Ulna Length for Males, Classical Calibration
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Figure C106- Ulna Length for Males, Inverse Calibration

314

Figure C107- Ulna Length for Females, Classical Calibration
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Figure C108- Ulna Length for Females, Inverse Calibration
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Figure C109- Ulna with No Styloid Process for Males, Classical Calibration

317

Figure C110- Ulna with No Styloid Process for Males, Inverse Calibration
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Figure C111- Ulna with No Styloid Process for Females, Classical Calibration
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Figure C112- Ulna with No Styloid Process for Females, Inverse Calibration
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Figure C113- Ulna Midshaft Maximum for Males, Classical Calibration

321

Figure C114- Ulna Midshaft Maximum for Males, Inverse Calibration
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Figure C115- Ulna Midshaft Maximum for Females, Classical Calibration
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Figure C116- Ulna Midshaft Maximum for Females, Inverse Calibration

324

Figure C117- Ulna Midshaft Minimum for Males, Classical Calibration
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Figure C118- Ulna Midshaft Minimum for Males, Inverse Calibration

326

Figure C119- Ulna Midshaft Minimum for Females, Classical Calibration

327

Figure C120- Ulna Midshaft Minimum for Females, Inverse Calibration
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Figure C121- Femur Length and Bi-iliac Breadth for Males, Inverse Calibration

329

C122- Femur Length and Bi-iliac Breadth for Females, Inverse Calibration

330

Figure C123- Multiple Element Model for Males, Inverse Calibration

331

Figure C124- Multiple Element Model for Females, Inverse Calibration
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